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Abstract

Recently, demand for high energy density batteries has increased with the spread of
portable electronic equipment and for the development of electric vehicle. Lithium ion
battery is one of the candidates, and some battery systems for portable phones and video
cameras, such as LiCoO,/C and LiMn,0,/C, have already been developed and put on the
market. In the lithium ion batteries, lithium insertion/extraction with redox reaction of host
is made use of as both cathode and anode reactions. Some transition metal oxides show
reversible lithium insertion/extraction and have been studied for electrode materials.
Because it is possible for these oxides to have a different crystal structure and to have a wide
range of crystallinity, distinct electrochemical performances of these oxides have been
reported.

The purpose of the present thesis is to study the effect of the crystallinity of transition
metal oxides on lithium insertion/extraction. Five transition metal oxides, spinel type
LiMn,0,, ordered rock-salt type LiCo,sNi,;O,, anatase type TiO,, crystalline V,0;, and
crystalline a-MoO,, were selected as cathode materials. In the first two lithium containing
oxides, lithium ions situated in lattice sites (8a sites in LiMn,O, and 3b sites in LiCo, sNi, sO,)
are extracted and inserted. For the rest of three samples, interstitial sites are used as
diffusion pass and accommodation sites for lithium ions. LiMn,0O, and TiO, have three
dimensional channels, LiCo,(Ni, O, and a-MoO, have two dimensional gaps, V,0; has one
dimensional channels for the diffusion of lithium ions.

In order to investigate electrochemical properties of these oxides, lithium cells using
each oxide as cathode were fabricated and the potential change with time during charge-
discharge was recorded. Sample powders were characterized by means of X-ray
diffraction (XRD), X-ray absorption spectroscopy (XAS), X-ray photoelectron
spectroscopy (XPS), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and UV-VIS absorption spectroscopy.

In order to get sample powders with different crystallinity, LiMn,O, and
LiCo,Ni, O, were prepared via dicarboxylate. For LiMn,O,, structure and thermal
decomposition of the precursor, lithium-manganese-dicarboxylate, were investigated. In
oxalate and succinate systems, the precursor was suggested to have a chain-like structure, in
which lithium and manganese ions were linked by dicarboxylate ions. For malonate and
tartrate systems, mixtures of complex and manganese salt seemed to be formed. In the

complex salt, manganese ion was connected with two dicarboxylate ions as bidentate to be




complex anion. Charge balance of the anion was achieved with lithium ion and proton. In

all the four precursor systems, mixing on atomic scale of lithium and manganese ions was
achieved, and these precursors decomposed at around 300 °C and changed to LiMn,O,
phase without any by-product.

For LiMn,0O, samples, crystallinity of the sample was characterized by lattice
parameter, a,, and lattice strain, €, which were determined by XRD measurements. Lattice
parameter increases and lattice strain decreases with the increase in heating temperature and
these changes seemed to be due to improvement of cation distribution in spinel structure and
the decrease of mean oxidation state of manganese ion. The first discharge capacity above
3.5 V was found to increase linearly with the decrease of lattice strain and the increase of
lattice parameter.

Crystallinity of LiCo,sNi,sO, samples was evaluated by half width of XRD lines.
The half widths of 003 and 104 lines, which corresponded to development of stacking
thickness and extension of the layers, respectively, seemed to increase with the increase of
distribution, or the increase of disorder rock-salt type cubic LiCo,sNi,sO, domains. The
first discharge capacity above 3.0 V increases with the improvement of crystallinity, or the
decrease of disordered rock-salt type cubic LiCo,Ni, O, domains.

For lithium containing transition metal oxides, the decrease of crystallinity causes not
only the decrease of the crystallite size but also imperfection of cation distribution. Thus
the decrease of the crystallinity leads to change in the structural skeleton of host and the
structural change seemed to be concerned with the decrease of the capacity.

On the other three transition metal oxides, TiO,, V,0s, and MoO,, the first discharge
capacity was independent from the crystallinity of the host. For MoO, powders, any effect
of the crystallinity on electrochemical performance was not observed. At the beginning of
the first discharge (at the plateau around 2.8 V), the spacing of the van der Waals gap in
starting MoO, structure was widened irreversibly from 0.69 to 1.2 nm and the inner
structure of the Mo-O octahedron layers was also changed by lithiation. So the effect of
crystallinity of pristine MoO, did not affect to the electrochemical performance.

TiO, powders prepared by hydrothermal treatment of amorphous TiO, powders were
proved to be comprised from amorphous and crystalline anatase parts, though they were
reported to be a single phase of anatase type structure. The crystallinity of anatase parts
decreased and the amount of amorphous part increased with the decrease in heating
temperature. The first discharge curve of TiO, powders prepared under hydrothermal

conditions showed gradual decrease of potential from 3.0 to 1.75 V and a plateau at 1.75 V,




which are corresponding to lithium insertion into amorphous and crystalline parts

respectively. The capacity down to 1.6 V, or capacity of the gradual potential decrease
plus that of plateau region, was almost the same among the samples used.

For V,04 samples, the first discharge potential change up to 400 mA-h-g" was
strongly affected by host morphology, extension of VOg layer, but the total capacity down to
0.5 V was almost the samples with different crystallinity. The difference in discharge
potential was due to slow diffusion of lithium ion in the V,Os structure.

Electrochemical performance of the cathode of the five transition metal oxides is
classified into two groups on the basis that whether the crystallinity of these oxides affects to
the capacity or dose not. One shows a pronounce effect of crystallinity on the capacity of
lithium insertion/extraction and the other shows no effect of the crystallinity on the capacity.
LiMn,O, and LiCo,Ni, O, belong to the former group and TiO,, V,0, and MoO; belong to
the latter. In the latter group, potential change during discharge was affected by structure
type. This classification is able to be extended to other electrode materials; graphite,
LiCoO, and LiNiO, appertain to the former and almost all other electrode materials to the

latter.
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Chapter 1

Introduction

1.1 Lithium batteries

Lithium has been long time known to be a very attractive anode material for high
energy density batteries because of its low equivalent weight of 6.941 and the most base
standard potential of -3.045 V vs. SHE. From the ecological view point, lithium metal is
thought to be suitable for anode material because it is harmless to environment compared to
zinc and lead metals which have been extensively used as active electrode materials in
various batteries. Lithium metal is stable in non-aqueous electrolytes, such as LiClO,
dissolved propyrenecarbonate, because passivation layer is formed at the surface of lithium
metal and the layer prevents the further chemical reaction between lithium metal and
electrolyte, or hinders passing of electrons, but still allows for lithium diffusion during
electrochemical reactions, such as discharging and charging [1-5]. According to the
developments in the microelectronics industry, lithium battery technology has been
developed since 1950’s.  Some of the primary lithium batteries with different
cathode/anode combinations, such as lithium/sulfur dioxide (Li/SO,) [6], lithium/manganese
dioxides [7], lithium/graphite fluoride (Li/CFE,) [8], and lithium/iodine-polyvinylpyridine
(L/I(PVP)) [9], are manufactured in commercial base. Fig. 1.1a shows the scheme of
Li/(CE,) primary battery in non-aqueous electrolyte. During discharging, lithium metal
dissolves into electrolyte giving electrons to the circuit (anode reaction) and graphite
fluoride reacts with lithium ions and is reduced by electrons which are supplied from the
anode through the circuit (cathode reaction). Resulting products of the cathode are lithium
fluoride and carbon.

Recently rechargeable high power and high energy density lithium batteries
(secondary lithium batteries) are demanded for portable equipment, such as video cameras
and cordless phones and also for electric vehicles in order to reduce the atmosphere
contamination. Research and development for the cathode materials which show reversible
lithium insertion/extraction reaction have been made to improve charge-discharge cycle
performance [10-13]. The rechargeable lithium batteries, such as Li/TiS, [14], Li/MoS,
[15], Li/NbSe, [16], Li/MnO, [17], Li/vanadium oxides [18-21], etc., have been proposed
and demonstrated. Fig. 1.1b shows the scheme of Li/TiS, secondary battery. Lithium

ions in the electrolyte are inserted into interlayer spacing of TiS, of the cathode during




a) CFx / Li (primary cell)

e- 10ad
csameirad R
| el |
e e
-— @ —=—

CFy 1it 1ons 11 metal

Vi
conéuctive electrolyte
e o
CF<+xLit+xe = xLiF +C Li = Lit+e

b) TiSz / Li (secondary cell)

o load
-
l N 4 T
e 11 e

+ !

- @ —-——

1i metal

L1 10ns

/
conductive electrolyte

e

I_Jierj.SZ
+
TS, + x Li* +x e =— Li:T1iSq Ii-—TLitte

¢) LiMn204 / C (secondary cell)

> load

_— Y
W /T

o
| II -—0~— "5399 9
Li*ions (W a & ¥
| e
coductive electrolyte Graphite

Li; ,Mn204

+
Ce + x Li* +x e =~ LixCs

LiMn2O4 — Li, Mn204 + x Li* tx €

Fig. 1.1 Scheme of different lithium batteries.




discharging and extracted from there during charging. At the anode, dissolution and

deposition of lithium metal occur during discharging and charging, respectively. But
cycling of the metallic lithium anode in organic electrolyte was not completely reversible,
because partial deposition of lithium metal during charging is stripped due to corrosion and
passivation [22]. Lithium metal is also so reactive that it is difficult to treat in safety in
rechargeable lithium batteries; dendrite growth of lithium metal during charge-discharge
cycling can cause short-circuit in battery [23]. Therefore, electrode materials which show
reversible lithium insertion/extraction reaction have been studied not only for the cathode
but also for the anode. These batteries, in which lithium insertion/extraction compounds
are used as electrode reactions at both electrodes, are named as lithium jon batteries.
These are also called as rocking-chair type lithium batteries [10-13]; because lithium ions are
transferred back and forth between anode and cathode. Some of the lithium ion batteries,
such as LiV,04Nb,0O; [24], LiCoO,/carbon [25-28], and LiMn,0O,/carbon [29-32], are
already commercialized. Fig. 1.1c shows a schematic illustration of LiMn,O,/graphite
secondary lithium ion battery. Lithium ions are extracted from LiMn,O, at the cathode and
are inserted into graphite at the anode during charging, and the inverse reactions (lithium
ions are inserted into Li, ,Mn,O, at the cathode and extracted from lithium graphite
intercalation compounds, Li C,, at the anode) take place during discharging.

Fig. 1.2 shows relationship between the cycle life and the energy density of various
kinds of batteries commercialized in Japan [11]. The energy density of rechargeable lithium
batteries of LiCoO,/Li and MnO,/Li systems is higher than that of other rechargeable
systems, but their cycle life is poorer. Lithium ion battery of LiCoO,/carbon shows
relatively long cycle life and high energy density, and those characteristics have been
improved and are expected to be improved further, as shown by arrows in Fig. 1.2.
Therefore, in the development of the electric vehicles, for which long cycle life and high

energy density are demanded, lithium ion battery is one of the most attractive candidates.

1.2 Lithium insertion/extraction reaction on transition metal oxides

The possible electrode reactions in lithium batteries can be classified as shown in Fig.
1.3. The reactions are roughly divided into two groups, dispropotionation and
topochemical reactions [33]. In a disproportionation reaction, crystalline structure of the

electrode materials is completely broken down during reaction. Materials such as CF,,

CuS, and CuO shows this type of reaction, which is revealed on CF, as follows;
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CEF,+xLi"+xe —> xLiF + C.

After discharging, electrode materials decompose to lithium fluoride and carbon.
Therefore, these reactions are irreversible and can be used only in cathode reaction of
primary lithium batteries.

A topochemical reaction is the one in which the fundamental framework of the
structure of electrode materials is kept unchanged during the insertion/extraction of small-
sized lithium ions. The structure of the product bears a close relationship to that of the
reactant. Therefore, the atomic rearrangements associated with lithium insertion/extraction
can be accomplished by slight displacement. Transition metal oxides, sulfides, and carbon
materials used for electrode materials in lithium batteries show the topochemical reaction.
The topochemical reactions are then divided into two reactions, insertion/extraction of
lithium ions into interstitial sites of host structure and that into lattice sites. The latter
reaction is observed on lithium containing materials.

In rechargeable lithium batteries, lithium ions are inserted into and extracted from
these host materials with redox reaction of host, where chemical bonds of host structure
(fundamental framework of host structure) is maintained. On transition metal oxides, such
as Ti0,, V,0,, and MoO,, lithium ions are inserted into and extracted from vacant sites of
the host structure with a change in oxidation state of transition metal ions in the host oxides,
but on lithium containing transition metal oxides, such as LiCoO,, LiNiO,, and LiMn,O,,
lithium ions are extracted from and inserted into lattice sites of the host structure with redox
reaction of transition metal ions. Thus electrode materials in rechargeable lithium batteries
show mixed conduction (ions and electrons) property and, therefore, are required to have
the crystallographic sites for accommodation of lithium ions and band structure for keeping
electrons.

Potential region for lithium insertion/extraction reaction on some transition metal
oxides are shown in Fig. 1.4, where abscissa is the number of d-electron of transition metal
ions in the host materials [34]. It is very different among the oxides and it is still unknown
what factors decide these potential values. But it can be said that the potential has a close
relation to chemical potential of lithium ions in the host structure (site energy for lithium
insertion/extraction); the higher the potential, the more stable lithium ion in host structure
[35-37]. In the oxides containing the same transition metal ions, the potential tends to

decrease with the decrease of the oxidation number of the metal ion.
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1.3 Purpose of the present thesis

Lithium insertion/extraction on many kinds of transition metal oxides have been
studied by various authors and their distinct electrochemical performances have been
reported. These oxides have a wide variety of structure, crystallinity, and morphology.
These factors have been known to depend primarily on their synthesis methods and their
conditions, particularly on ceramics to which transition metal oxides belong, and are
reasonably thought to have a pronounced effect on electrochemical performance because
lithium ions have to diffuse through host structure and are accommodated in either lattice or
interstitial sites. Therefore, it is very important to understand the effects of these factors,
structure, crystallinity, and morphology on electrochemical performance of these materials in
lithium batteries. However, there have been no systematic and detailed studies so far.

The purpose of the present thesis is to study the effect of the crystallinity of transition
metal oxides on lithium insertion/extraction reaction. In the present thesis, I chose five
transition metal oxides, spinel type LiMn,O,, ordered rock-salt type LiCo,sNi,sO,, anatase
type TiO,, crystalline V,0Os, and crystalline a-MoO,, as cathode materials. In the first two
samples, lithium ions located in lattice sites are extracted and inserted.  For the rest of three
samples, lithium insertion into and extraction from interstitial sites of the host structure are
electrode reactions. LiMn,O, and TiO, have three dimensional channels, LiCo,Ni, sO, and
MoO, have two dimensional gaps, and V,0s quasi two dimensional gaps for lithium
diffusion. Schematic structure of these samples are shown in Fig. 1.5. In order to prepare
samples with different crystallinity, I developed a new synthesis route, via lithium and
transition metal dicarboxylates, for lithium containing transition metal oxides, LiMn,O, and
LiCo,sNi,sO,, and controlled crystallinity by annealing at different temperatures [38,39].
V,0, and MoO, samples were prepared by thermal decomposition of the corresponding
ammonium salts, NH,VO, and (NH,)sMo,0,,, respectively, at different temperatures. For
preparation of TiO, samples, hydrothermal method with different conditions was applied
[40]. Effect of the crystallinity of the host structure on electrochemical performance is

expected to be distinct among the five samples because of the difference in their structure

type.

1.4 Construction of the present thesis

The present thesis consists of eight chapters.
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In Chapter 1, general information about lithium batteries and lithium
insertion/extraction reactions on electrode materials were described, and then purpose and
construction of the present thesis were shown.
On the lithium insertion/extraction reactions for five materials, spinel type LiMn,O,
(Chapter 2), ordered rock-salt type LiCo,sNi,sO, (Chapter 3), anatase type TiO, (Chapter
4), crystalline V,0s (Chapter 5) and a-MoO; (Chapter 6), the experimental results and
discussion were presented in respective chapters, focusing on the effect of crystallinity of
host on electrochemical properties. Electrochemical properties of those lithium cells using
each oxide as cathode were investigated. Sample powders were characterized by means of
X-ray diffraction (XRD), X-ray absorption spectroscopy (XAS), scanning electron “
microscopy (SEM), transmission electron microscopy (TEM), X-ray photoelectron |
spectroscopy (XPS), and UV-VIS absorption spectroscopy.
In Chapter 7, on the basis of the experimental results obtained, effect of crystallinity
and morphology of transition metal oxides (hosts) as cathode materials on battery
performance was discussed. Idea of classification for transition metal oxide cathode
materials was proposed. The conclusions and prospect of the present work were also given

in Chapter 7.

References

[1] K. Kanamura, H. Tamura, S. Shiraishi, and Z. Takehara, J. Electrochem. Soc.,
142, (1995) 340.

[2] M. Gaberscek, J. Jamnik, and S. Pejovnik, J. Electrochem. Soc.,
140, (1993) 308.

[3] M. Odziemkowski and D. E. Irish, J. Electrochem. Soc.,
140, (1993) 1546.

(4] K. Kanamura, H. Tamura, S. Shiraishi, and Z. Takehara. Denki Kagaku, 61,
(1993). 1377,

[5] D. Aurbach, M. L. Daroux, P. W. Faguy, and E. Yeager,
J. Electrochem. Soc., 142, (1995) 340.

(6] A. v. Fraioly, W. A. Barber, and A. M. Feldman, U. S. Patent 3, 551,
205 (1970).

[7] H. Ikeda, T. Saito, and H. Tamura, in: Proc. Manganese Dioxide Symposium,




Vol. 1, eds. A. Kozawa and R. H. Brodd
(I. C. Sample Office, Cleave land, OH, 1975).
(8] F. Fukuda and T. Iijima, in: Power Sources, vol. 5, ed. D. H. Collins
(Academic Press, London, 1975).
[9]  J. Moser, U. S. Patent 3, 660, 163 (1972).
[10] K. Brandt, Solid State Ionics, 69, (1994) 173.
[11] Z. Takehara and K. Kanamura, Electrochim. Acta, 38, (1993)1169.
[12] D. Fouchard and L. Lechner, Electrochim. Acta, 38, (1993)1193.
[13] J. B. Goodenough, Solid State Ionics, 69, (1994) 184. |
[14] A. Honders, J. M. der Kinderen, A. H. Herren, J. H. W. de Wit,
and G. H. J. Broers, Solid State Ionics, 14, (1984) 205.
[15] M.R.PyandR. R. Haering, Can. J. Phys., 61, 76 (1983).
[16] B. V. Ratnakumar, G. Nagasubramanian, S. Di Stefano, and C. P. Bankston
J. Electrochem. Soc., 139, (1992) 1513.
[17] T. Hirai and T. Ohzuku, Denki Kagaku in Japanese, 59, (1991) 732.
[18] D. W. Murphy, P. A. Christian, F. J. DiSalvo, and J. N. Carides,
J. Electrochem. Soc., 126, (1979) 497.
[19] A. Momchilov, V. Manev, A. Nassalevska, M. Pasquali, and G. Pistoia,
J. Appl. Electrochem., 20, (1990) 763.
[20] C. Delmas, H. Cognac-Auradou, J. M. Cocciantelli, M. Menetrier,
and J. P. Doumerc, Solid State Ionics, 69, (1994) 257.
[21] Y. Sakurai and J. Yamaki, J. Electrochem. Soc., 135, (1988) 791.
[22] D. P. Wikkinson, H. Blom, K. Brandt, and D. Wainwright,
J. Power Sources, 36, (1991) 517.
[23] D. Aurbach, Y. Gofer, M. Ben-Zion, and P. Aped,
J. Electroanal. Chem., 339, (1992) 451.
[24] K Takata, A. Otsuka, T. Mori, and N. Koshiba,
Ext. Abstract of the 32nd Battery Symp. (Kyoto, Japan, Sept. 1991) p. 45.

Wi

[25] T. Ohzuku, A. Ueda, M. Nagayama, Y. Iwakoshi, and H. Komorij,
Electrochim. Acta, 38, (1993) 1159.

[26] K. Sawai, A. Ueda, M. Nagayama, Y. Iwakoshi, and T. Ohzuku,
Denki Kagaku, 61, (1993) 715.




M. Terasaki, H. Yoshida, H. Tukamoto, M. Mizutani, and M Yamachi,
Denki Kagaku, 61, (1993) 1417.

J. R. Dahn, U. von Sacken, M. W. Juzkow, and H. Al-Janaby,

J. Electrochem. Soc., 138, (1991) 2207.

D. Guyomard and J. M. Tarascon, J. Electrochem. Soc., 140, (1993) 3017.
Y. Gao and J. R. Dahn, J. Electrochem. Soc., 143, (1996) 100.

J. M. Tarascon and D. Guyomard, Electrochim. Acta, 38, (1993) 1221.
D.Guyomard and J. M. Tarascon, Solid State Ionics, 69, (1994) 222.

M. S. Whittingham, J. Electrochem. Soc., 123, (1976) 315.

T. Ohzuku and A. Ueda, Solid State Ionics, 69, (1994) 201.

J. R. Dahn, R. Fong, and M. J. Spoon, Phys. Rev. B, 42, (1990) 6424.

J. R. Dahn and W. R. McKinnon, J. Phys. C: Solid State Phys., 17,

(1984) 4231.

S. T. Coleman, W. R. McKinnon, and J. R. Dahn, Phys. Rev. B, 29, (1984)
4147.

T. Tsumura, S. Shimizu, and M. Inagaki, J. Mater. Chem., 9, 995.

T. Tsumura, S. Kishi, H. Konno, A. Shimizu, and M. Inagaki,
Thermochim. Acta, 278, (1996) 135.

K. Yanagisawa, Y. Yamamoto, and N. Yamasaki,

Proceeings of Solvothermal & Hydrothermal Reactions,

Jan 22-24, 1996 in Takamatsu, pp. 90-92 (in Japanese)




Chapter 2

Spinel type LiMn,O,

2.1 Introduction

Lithium manganate, LiMn,O,, has a spinel structure with normal cation distribution,
i.e. Li ions occupy 1/8 tetrahedral sites and Mn ions 1/2 octahedral sites of cubic close
packed oxygen, belongs to the space group of Fd3m [1-3]. Lithium, manganese, and
oxygen atoms occupy 8a sites, 16d sites, and 32¢ sites, respectively. Three dimensional
view of unit cell of the spinel structure and a linkage of 8a site, at which lithium ions locate,
and also 16¢ sites, which are vacant, among four unit cells are shown in Figs. 2.1a and b,
respectively.

Electrochemical lithium insertion into and extraction from LiMn,O, takes place at a
potential around 3 and 4 V (vs. Li"/Li), respectively, and expressed as following reaction
formulae [1-3];

LiMn,O, + x Li" + x ¢ = Li;,,Mn,0, (3 V vs. Li"/Li) (2.1)
LiMn,O, = Li, Mn,O, + x Li" + x ¢ (4 V vs. Li*/Li) (2.2)

The reaction (2.1) is the further insertion of lithium ions into spinel type LiMn,O,,
which occurs at 3 V and results in the formation of Li,Mn,0,. During this reaction, lithium
ions can diffuse through three dimensional network of 8a and 16c sites (Fig. 2.1b), and
additional lithium ions are finally accommodated in half of 16¢ sites at 3 V and the resultant
Li,Mn,O, crystal belongs to tetragonal . The reaction (2.2) is the extraction of lithium ions
from 8a sites in spinel structure, which can occur at the potential of 4 V through the network
of 8a and 16c sites and leave the same number of 8a sites vacant [1-3]. Schematic potential
change curve on LiMn,O, from x = 0, i.e., cubic type Mn,0O,, to x = 2.0, i.e., tetragonal
phase of Li,Mn,0,, is shown in Fig. 2.2. At two plateaus around 4 V during the reaction
(2.2), cubic symmetry of crystal structure is maintained during lithium extraction/insertion.
In the range of 0.0<x<0.5 two phases with different a -parameters, Mn,O, and Li,;Mn,O,,
coexist, but in the range of 0.5<x<1.0 a single phase existing where lattice parameter, a,,
changes continuously with x-value. Change in cell volume between Mn,O, and LiMn,0, is
below 5.0 %. At the plateau of 3 V during the reaction (2.1), because of Jahn-Teller
distortion caused by the increase in concentration of Mn™ in octahedral site, Li,Mn,O, phase
with tetragonal symmetry appears, and coexistence of cubic LiMn,O, and tetragonal

Li,Mn,O, phases is observed. In Li,Mn,O, phase, the c/a ratio of the unit cell increases by
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16 %, which is too large for the electrode to maintain its structural integrity on cycling.

Therefore, LiMn,O, can be one of the candidates as the cathode materials in 4 V lithium ion
batteries similarly to LiCoO, and LiNiO, [4-9]. The cell based on lithium manganate as
cathode is expected to exhibit following advantages: a) a low cost for electrode materials
arising from an easier synthesis compared to LiNiO, and from the use of manganese which is
more abundant and cheaper than cobalt, b) LiMn,O, is stable in air, and c) the already well-
known behavior with respect to toxicity (extremely low) and recycling, since manganese
oxide materials are already extensively used in primary cells [4-9].

In order to improve electrochemical performance, such as total capacity and capacity
retention, LiMn,O, has been studied extensively over the past decade. Deviation from the
stoichiometric composition of Li/Mn=1/2, which is due to high vapor pressure of lithium
oxide at firing temperature, was pointed out to have a pronounced effect on electrochemical
performance [10-14]. It was shown that total capacity was maximized, ie. close to
theoretical capacity, 148 mA-h-g”, at the stoichiometric composition, Li/Mn=1/2, but the
capacity decreases with cycling due to dissolution of LiMn,O, by disproportionation reaction

of Mn* (2Mn* — Mn™ + Mn*) [15-17]. Capacity retention was optimized at the

composition of Li/Mn=1.1/2, where the capacity was little smaller than the theoretical one,
about 120 mA-h-g*. The effect of substitution of lithium or manganese ions by other metal
ions, such as Mg, Ti, V, Cr, Co, Nij, and Fe, on electrochemical performance was studied
[4,18]. The substitution below 20 atomic % improves the cycling stability even though a
small amount of capacity loss is accompanied.

In the present chapter, a new process for the preparation of LiMn,O, powders under
mild conditions was developed and the synthesized precursor powders were heated at
different temperatures in order to have different crystallinity. On these LiMn,O, powders
with different crystallinity, electrochemical performance associated with lithium
extraction/insertion was investigated.

LiMn,O, powders with different crystallinity were prepared by heating of lithium-
manganese-oxalates and -tartrates at different temperatures [19,20]. Samples prepared
were characterized by means of XRD, XAS, and XPS, and an effect of crystallinity of
samples on electrochemical properties was studied. Capacity of the plateau at 4 V

decreased linearly with the decrease of lattice parameter, a,, and the increase of lattice strain,

g, both of which were measured by XRD. The decrease of lattice parameter, a,, and the




increase of lattice strain, €, with the decrease in heating temperature seemed to be due to

imperfect cation distribution in spinel structure and the increase of mean oxidation state of
manganese ions. For samples prepared via tartarates, capacity of plateau at 3 V was found
to be independent of heating temperature, but the 3 V-capacity of samples prepared via

oxalates decreased with the decrease in heating temperature.

2.2 Synthesis of LiMn,O, via lithium-manganese-dicarboxylates

LiMn,O, powders are mainly prepared by reacting a mixture of Li,CO, and MnO,
powders in air above 600 °C, followed by several successive grinding and annealing
sequences [1-3]. It is difficult to control the stoichiometry and cation distribution in
LiMn,0, spinel in the solid state reaction, because some lithium oxides evaporate from the
reaction system above 600 °C, which deteriorates the stoichiometry of resulting compounds.
Therefore, it is important to develop a new process for synthesis of LiMn,O, samples which
can proceed under mild conditions.

Thermal decomposition of lithium-manganese-dicarboxylates to the LiMn,O, was
studied as one of the synthesis roots at low temperatures [19,20]. In order to determine the
effects of dicarboxylate ions, four dicarboxylates, oxalates, malonates, succinates, and
tartrates were selected.

The results of TG-DTA analysis and XRD measurements showed that LiMn,O,
phase was formed above 300 °C using the present method via all four dicarboxylates. That
indicates the loss of the lithium component during heat treatment is thought to be slight and,
therefore, the stoichiometry can be controlled at the stage of the precursor preparation. In
addition, the formation of crystalline intermediate phase during decomposition via
dicarboxylates was not observed. Because of the high possibility of obtaining powders

with homogeneity in particle size, composition and structure, this method is promising.

2.2.1 Experimental
a) Preparation

The procedure for the preparation of LiMn,O, spinel powder from lithium and
manganese acetates through lithijum-manganese-dicarboxylates is shown schematically in
Fig. 2.3.  Oxalic acid (C,H,0,), malonic acid (C,H,0O,) and succinic acid (C,H,O,) differ
only in the number of carbon atoms, but tartaric acid (C,H¢O;) has two hydroxyl groups with

the same carbon number as succinic acid. ~Lithium acetate dihydrate and manganese acetate
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Lithium acetate dihydrate

Dicarboxylic acid (DA)

Manganese acetate tetrahydrate Ethanol
Ethanol
evapolation of acetic acid
drying

heating at 50 °C

Precursor powder

(Lithium—manganese—dicarboxylate)
Li:Mn:DA = 1:2:3

thermal dec

omposition

LiMn 2 O 4+ spinel powder

Fig. 2.3 Procedure for preparation of LiMn,O, powders
through lithium-manganese-dicarboxylates.




tetrahydrate (reagent grades) were dissolved in ethanol, the molar ratio of Li* to Mn** being

1to 2. As soon as the solution was mixed with a dicarboxylic acid, the solution changed
into a viscous sol. The molar concentration of dicarboxylic acid was the same as the total
concentration of metal ions, i.e., lithium plus manganese ions. By heating the sol at above
50 °C, acetic acid and ethanol were evaporated, and a dry powder of lithium-manganese-
dicarboxylates was obtained. For comparison, lithium and manganese dicarboxylates were
prepared separately by the same procedure, using a molar ratio between metal ion and

dicarboxylate ion of 1 to 1.

b) XRD and FTIR measurements

The measurements of XRD powder patterns were performed on dicarboxylates and
those heated at different temperatures, using Ni-filtered Cu Ka radiation with a scanning
speed of 2 °min™.

FTIR diffuse reflectance spectra were measured on the dicarboxylates which were

mixed and diluted about 100 times with KBr powder.

¢) Thermal analysis

The gases evolved during decomposition of the dicarboxylates were investigated by a
mass analyzer coupled with a DTA-TG apparatus under He gas flow. The heating rate was
25 K'min™ up to 600 °C. The product of this analysis was found by XRD to be a mixture
of MnO and Mn,0O,, and no lithium compound was detected.

DTA-TG analysis on the dicarboxylates was performed under static air with a
constant heating rate of 1 K'min". There was no X-ray diffraction line, with the exception
of LiMn,O, phase, in the products of the thermal analysis up to 600 °C. The intermediates
from dicarboxylates to spinel were sampled by quenching from different temperatures during
the course of the thermal analysis and also characterized by XRD and FTIR at room

temperature.

2.2.2 Results
a) Tartrate system
Structure
The XRD pattern of lithium-manganese-tartrate (LMT), or the precursor, is shown

in Fig. 2.4, where lithium tartrate (LT) and manganese tartrate (MT) are also presented.
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LT has a crystalline structure whose diffraction pattern resembles with that of tartaric acid
itself [21], but MT and LMT are in an amorphous state.  After heating at 100 °C for 24 h in
static air with a constant heating ratio of 1 K-min™, the sample LMT crystallized but its
diffraction pattern could not be assigned to LT or MT.

The FTIR spectra of tartrates are shown in Fig. 2.5a. In the spectrum of LMT,
there are no absorption peaks which are attributed to LT. It is rather similar to that of MT.
This implies that, in the structure of LMT, lithium ions are not bound by carboxylic group of
tartrate ions.

The result of DTA-TG-MAS analysis on LMT in He gas shown in Fig. 2.6a reveals
weight losses in five steps, around 80, 160, 250, 320, and 380 °C. The first step
corresponds to the evolution of coordination water and the weight loss indicated that the
molar ratio of H,O to Mn* was 1 in the precursor. The decomposition of the alkyl chain of
the tartrate ion occurs at the second, third, and fourth steps with evolution of CH,OH,
C,H;OH, and H,0. The carboxyl group decomposes from the third to fifth steps with
evolution of CO and CO,. Since combustion of organic component does not occur, all gas
evolution takes place in parallel to the endothermic peak on the DTA curve. This reveals
that both the alkyl chain and the carboxyl group of tartrate ion decompose in three different
steps. Therefore, LMT is thought to have three tartrate ions with different thermal
stability.

From the experimental results, we propose that the precursor, LMT has the structure
depicted in Fig. 2.7a; manganese ion is coordinated by two tartrate ions as bidentate to form
a complex anion. The charge balance in LMT is achieved by the cations Li* and H*. The
crystalline phase which appeared by heating LMT at 100 °C is attributed to the complex salt.
The remaining manganese ions and tartrate ions bond with each other to form manganese

tartrate.

Thermal decomposition

The DTA-TG curves for LMT in static air are represented in Fig. 2.8a. The
decomposition takes place with combustion of the organic component. The TG curve for
LMT shows that the weight loss occurs in three steps around 180, 250, and 290 °C, all of
them being accompanied by exothermic peaks on the DTA curve. The XRD pattern of the
sample recovered at point A did not show diffraction lines and its FTIR spectrum was

identical with that of the starting materials, LMT. The sample recovered from point B did
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Fig. 2.5 FTIR spectra of tartrates (a) and oxalates (b):

(a); lithium tartrate (LT); manganese tartrate (MT); mixtures of LT and MT,
the molar ratio of these salts being 1 to 2; lithium-manganese-tartrate (LMT);
(b); lithium oxalate (LO); manganese oxalate (MO); mixtures of LO and MO,
the molar ratios of these salts being 1 to 2; lithium-manganese-oxalate (LMO).
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Fig. 2.7 Proposed structure of lithium-manganese-dicarboxylates;
a, lithium-manganese-tartrate (LMT); b, lithium-manganese-oxalate (LMO).
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not reveal XRD lines either and, in its FTIR spectrum, the absorption peak of Mn-O and Li-
O bonds (300-800 cm™) [22] and the trace of the absorption peaks of CO,* (800 and 1400-
1600 cm™) [23] and of tartrate ion (1300-1800 cm™) were observed. This indicates that

crystalline intermediates were not formed during decomposition of the precursor LMT.

b) Malonate system
The precursor from the lithium-manganese-malonate system (LMM) gave similar

results for XRD, FTIR, and DTA-TG analysis as LMT and, therefore, it seemed to consist

of lithlum-manganese-malonate complex salt and manganese malonate.

¢) Oxalate system
Structure

The XRD patterns of the oxalates were also similar to those of the tartrates.
Lithium oxalate (LO) had a crystalline structure which resembled oxalic acid, but manganese
oxalate (MO) and lithijum-manganese-oxalate (LMO), or the precursor, were in an
amorphous state. However, the pattern of LMO heated at 100 °C for 24 h in static air with
constant heating rate of 1 K'min™ Showed several broad peaks. If it were a simple
mechanical mixture of LO and MO, LO would crystallize by heating 100 °C. Thus it is
concluded that this is not a simple mixture of these salts but that it has a structure which
does not crystallize easily.

The FTIR spectra of the oxalates are shown in Fig. 2.5b. In the spectrum of LMO,
an absorption peak at around 770 cm™ and a peak shoulder at around 1740 cm™, which are
attributed to LO are detected in addition to the peaks for MO, and the spectrum is similar to
that of mechanical mixture of LO and MO, the molar ratio of these salts being 1 to 2. In
the structure of LMO, therefore, each manganese and lithium ion is thought to combine with
the carboxyl group of the oxalate ions.

The result of DTA-TG-MAS analysis for LMO in He gas is shown in Fig. 2.6b.
Three weight losses occur around 150, 400, 500 °C on the TG curve, and the first and
second ones proceed with endothermic peaks on the TG curve. The first weight loss is
caused by evolution of H,0O, which is believed to be coordination water. This indicated that
the number of water molecules was equal to that of manganese ions in the precursor. The
large second weight loss and small third one correspond to CO and CO, gas evolution due to

the decomposition of oxalate ions. The results indicates that oxalate jons in LMO
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decomposed in one step, with no intermediate formed during its decomposition. Because

the decomposition temperatures of LO and MO should be different, LMO was not a mixture
of LO and MO. This suggests that every oxalate ions is attached to manganese ions in
LMO.

From these results, a structure of LMO is proposed, as shown in Fig. 2.7b; lithium

and manganese ions are linked by oxalate ions to form a chain-like structure.

Thermal decomposition

The DTA-TG curves for LMO in static air are shown in Fig. 2.8b. The TG curve
for LMO shows weight losses in four steps, around 110, 140, 260, and 290 °C.
Corresponding to these weight losses, two endothermic peaks are observed at the first and
second steps, and sharp and broad exothermic peaks at the third and fourth steps,
respectively.  The XRD pattern of the sample at point A in the figure showed several broad
peaks which were a little sharper than the peaks of the starting material, LMO. Its FTIR
spectrum was identical with that of the starting material, LMO. The XRD pattern of the
sample at point B showed no peaks. In the FTIR spectrum, Mn-O and Li-O bonds, CO,*
and oxalic acid ion (1300 and 1700 cm™) [24] were detected. A crystalline intermediate

was not detected during the decomposition process.

d) Succinate system
Since lithium-manganese-succinate (LMS) revealed similar results as LMO, the

structure of LMS is also proposed to be a chain-like structure.

2.2.3 Discussion
a) Structure of lithium-manganese-dicarboxylates
The experimental results indicate that the four lithium-manganese-dicarboxylate
systems are classified into two groups from their structures: tartrate and malonate forming a
mixture of the complex salt, in which two dicarboxylate ions are bound to manganese ion in
bidentate state, and manganese salt; and oxalate and succinate having a chain-like structure.
The size of the ring which will be made if the dicarboxylate ion coordinates to

manganese ion as bidentate may be related to the structure that the dicarboxylate has. The

increasing order of size is: oxalic acid < malonic acid, tartaric acid < succinic acid.




Oxalate ions seemed to have difficulties making a ring with the metal ion because of

the strain energy to form a small ring, while the ring of succinate jon was so large that it
could not make a ring either because of the strain energy. Malonate and tartrate ions may
be a suitable size to coordinate to manganese ion as bidentate, being free from strain energy.

The geometrical issue might govern which structure type is taken by dicarboxylates.

b) Suitable precursor for LiMn,0,

As mentioned above, the lithium extraction/insertion reaction from LiMn,O, in
nonaqueous secondary lithium cells is influenced by its stoichiometry and particle size.
Since LiMn,O, powders were prepared above 300 °C using the present method via
dicarboxylates, the loss of the lithium component during heat treatment is thought to be
slight and, therefore, the stoichiometry can be controlled at the stage of the precursor
preparation. The particle size of LiMn,0O, powders prepared were below 0.1 um under
SEM observation, larger particle size being easily obtained by high temperature annealing.

Avoiding the formation of crystalline intermediate phase during decomposition is an
additional advantage for the present process via dicarboxylates, because of the high
possibility of obtaining powders with homogeneity in particle size, composition and
structure.

In particular of the four dicarboxylates investigated, the malonate may be the most
suitable precursor for LiMn,O, because it has the lowest decomposition temperature in air at
the heating rate of 1 K'min™, namely 260 °C.

Two precursors, oxalates and tartrates, with different structure were chosen in the
present work in order to prepare LiMn,O, powders for the following experiments to

investigate the effect of precursor.

2.3 Lithium extraction/insertion on LiMn,0,
2.3.1 Sample preparation

Procedure for the preparation of samples is schematically shown in Fig. 2.3 [19,20].
Four series of LiMn,O, samples were prepared via lithium-manganese-dicarboxylates.
Series OX and 20X were prepared by thermal decomposition of lithium-manganese-
oxalates, and series TA and 2TA were prepared through lithium-manganese-tartrates.
Stoichiometry of Li/Mn was controlled at the stage of preparation of the dicarboxylates,

which are the precursor for LiMn,O, powders, and the exact composition ratios of Li/Mn in
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LiMn,O, samples were determined by means of ICP-AES analysis. The precursors for

LiMn,O, were made as follows; lithium acetate dihydrates and manganese acetate
tetrahydrates were dissolved in ethanol, the molar ratio of metal ion Li*/Mn* being about
1/2, and then the solution was mixed with ethanol solution of dicarboxylic acid. The mixed
solution abruptly changed into viscous sol. Amount of dicarboxylic acid added was equal
to the sum of metal ion, Li*+Mn™. Precursor powders, lithium-manganese-dicarboxylates,
were obtained by drying the sol. Each precursor was heated at different temperatures of
300, 600, and 800 °C for 24 hours with heating and cooling rates of 1 K:min®. These
samples are referred to the codes, such as OX3, OX6, and OX8 using dicarboxylic acid and

heating temperature, as shown in the first column of Table 2.1.

2.3.2 Characterization

XRD measurements were performed on the samples using Ni-filtered Cu Ka
radiation. The conditions for measuring overall XRD profiles, lattice parameter, half width
of diffraction peaks are listed in Table 2.2.

Lattice parameter was calibrated by referring to an internal standard, crystalline
silicon powder. From the observed value of half width of diffraction lines, 111, 311, 400,
and 440 lines, lattice strain € was calculated as follows. Broadening of diffraction line is
assumed to be caused by crystallite size and lattice strain, and that observed half width of
diffraction line observed, B., is expressed as a simple sum,

B, = B. + Bs (2.3)
where B, and B, are the broadening of diffraction line due to crystallite size and lattice strain,
respectively. . is related to crystallite size, L, through so-called Scherrer’s equation,

L = K-A(B.cosB)™ (2.4)
and B, is defined as

B,=2(Ad-d")tanb

= 2tan6, (2.5)

by differentiating the Bragg equation, where K, A, 6, and d are form factor, wave length of

X-ray used, diffraction angle, and spacing for the line, respectively. From these equations,

B, cosB-A! = K-L* + 2¢-sinf-A™ (2.6)
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Table 2.2

Conditions for XRD measurements.

Voltage Current Scan Speed Step
XRD measurements (kV) (mA) (°/min) ®)
Powder pattern 30 15 2 0.02
Lattice Parameter 40 20 0.25 0.01
Half Width 40 20 0.1 0.01




is derived. By plotting B,.cos8-A™" vs. 2¢-sinf-A™", applying by least-squares method and

assuming K = 1, the lattice strain, €, and crystallite size, L, are determined. This equation
(2.6) has been called by Hall’s equation.

Rietveld analysis was performed on the X-ray profile of samples OX3 and OX8.
The profiles were measured by means of step scanning method using monochromated Cu
Ko radiation.  Count time at each step was 5 and 0.5 seconds and interval of step was
0.05° and 0.015° in 2¢ for samples OX3 and OX8, respectively. The EXAFS profile was
also recorded for samples OX3 and OX8 using Mo Ka radiation. The absorption edge of
Mn Ka was measured by one crystal transmission mode with spectroscopic crystal of
Ge(220).

For 20X and 2TA series samples, XPS spectra were recorded using Mg Ka
radiation. Sample powders were compacted to 5 mm diameter x 1 mm thick disc by handy
press apparatus. Binding energy of electron was calibrated by referring to binding energy

of C,; electron

2.3.3 Electrochemical measurements

Composite cathode for electrochemical measurements was fabricated as follows; the
LiMn,O, sample powders were mixed with 10 wt.% carbon black and 10 wt.% PTFE
molding powders. The mixture of 1+0.03 mg was pressed on a stainless steel mesh and
used as the cathode. The anode was lithium metal pressed on a nickel mesh. The
electrolyte used was 1 M LiClO, dissolved in a 50/50 volume percent mixture of
ethylenecarbonate (EC) / diethylcarbonate (DEC).  Figs. 2.9a and b show construction of a
conventional two electrode cell and a circuit used, respectively. Potential change with time
during charge-discharge at a constant current of 10 mA-g" was recorded. Prior to
electrochemical charge-discharge measurements, potential of the cathode was measured as a
rest potential, after the composite cathode was immersed in the electrolyte for 12 hours.

All electrochemical tests were carried out in the grove box filled with argon gas.

2.4 Results
2.4.1 Characterization

The composition ratios of 2Li/Mn are summarized in Table 2.1.  Particular effect of

heating temperature on the composition ratios is not observed. Series OX and 2TA
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samples are lithium-deficient spinel (2Li/Mn<1) and series 20X and TA samples are

lithium-excess spinel (2Li/Mn>1).

The XRD patterns of OX series samples are shown in Fig. 2.10. The peaks of
sample OX8 are the sharpest among three samples. With the decrease in heating
temperature, the broadening of peaks becomes pronounced and the position of diffraction
lines shifts to lower angle side. For all samples, there is no 220 line which is generated by
the cation at 8a sites and expected to appear at 30.4° in 26, because scattering factor of
lithium atom is very small. This indicates that any displacement of manganese atom from
16d to 8a site do not occur in these samples in OX series. Other series samples also
showed the same result. Lattice parameter, a,, and lattice strain, €, are summarized in
Table 2.1 for all samples used. In all four series of samples, lattice parameter, a,, decreases
and lattice strain, €, increases with the decrease in heating temperature. For samples heated
at 800 °C, the samples with 2Li/Mn>1.0, i.e. ZOXS and TAS8, have a smaller lattice
parameter, a,, and a larger lattice strain, €, than those of other series samples with
2Li/Mn<1.0, i.e. OX8 and 2TA.

EXAFS spectra of Mn Ka on samples OX3 and OX8 were converted to radial
structure functions around manganese atom by using Fourie-transformation and are shown
in Fig. 2.11. The peak at around 0.15 nm corresponds to the nearest neighboring oxygen
atoms and the peak at around 0.25 nm is concerned with the nearest surrounding manganese
atoms, and the area under each peak is a measure of the average number of corresponding
atoms (i.e. coordination number). In sample OX3, the 0.15 nm peak is larger than the 0.25
nm peak. On the other hand, the 0.15 nm peak is smaller than the 0.25 nm peak in sample
OX8. This indicates that in sample OX3, the coordination average number of oxygen
atoms is larger than that of OX8, and the averaged number of manganese atom smaller than
that of OX8. For samples OX3 and OXS8, the coordination number of manganese atoms in
neighboring 16d site and oxygen atoms in nearest 32e¢ site around manganese atom in 16d
site are calculated from Rietveld analysis are listed in Table 2.3. For sample OX8 annealed
at, relatively higher temperature 800 °C, the averaged coordination numbers of oxygen and
manganese are 6.0 and 4.0, respectively. For sample OX3, however, the average
coordination number of oxygen atom is larger than 6.0, and that of manganese atom is
smaller than 4.0. Since X-ray scattering factor of lithium atom is so small that lithium

atoms are hardly detected by X-ray measurements, the results on the average coordination
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Table 2.3 Coordination number (C. N.) and atomic distance (A. D.)
of OX3 and OX8 samples.

Sample Mn-O Mn-Mn
Code C.N.(-) A. D. (nm) C.N.(-) A.D.(nm)

0X3 6.3 2.15 3.8 2.88
OX8 6.0 2.18 4.0 g




number determined by EXAFS and Reitveld analysis indicate that vacancies of manganese

atom in 16d site or displacement of lithium atoms from 8a to 16d sites are present in spinel
structure of sample OX3.

Mn 2p,, peaks of 20X and 2TA series samples are shown in Figs. 2.12a and b,
respectively.  For both series samples, a similar change of peak feature with heating
temperature is observed. In samples heated at 300 °C, a peak at 642.2 eV and two
shoulders at around 643.5 and 641.0 eV are observed. With the increase in heating
temperature, the intensity of shoulder at 641.0 eV becomes higher, but there is no

remarkable change in the peak at 642.2 eV and the shoulder at 643.5 eV.

2.4.2 Electrochemical measurements

Rest potential of the samples is summarized in Table 2.1. The lower the heating
temperature, the higher the rest potential, except an inversion between 20X3 and 20X6
samples.

First charge-discharge curves of samples are shown on each series in Figs. 2.13a-d.
The discharge curve of sample OX8 shows two plateaus at around 4 and 3 V, and the
capacities for these two plateaus are about 120 mA-h-g” each (Fig. 2.13a). For sample
OX6, the discharge capacities at around 4 and 3 V are about 90 and 80 mA‘h-g”,
respectively (Fig. 2.13a). For sample OX3, there is no plateau in the charge-discharge
curve and both the first discharge capacities above 3.5 V and that below 3.5 V are only
about 30 mA'h-g". Not only first discharge capacity at 4 V but also the capacity at 3 V
decreases with the decrease in heating temperature.

In Fig. 2.13b, the discharge curve of sample 20X8 has two flat plateau at around 3
and 4 V, whose capacities are about 130 and 120 mA-h-g”, respectively. With the decrease
in heating temperature, both flatness and capacity of these two plateaus decrease. For
sample 20X3, discharge capacities above and that below 3.5 V are 50 and 60 mA-h-g™,
respectively. A feature of the curve for sample 20X6 is intermediate between samples
20X8 and 20X3, and discharge capacities at 3 and 4V are about 80 and 100 mA‘h-g”,
respectively.

In the first charge-discharge curves for TA series samples (Fig. 2.13c.), discharge

curve of sample TAS8 has flat two plateaus at around 4 and 3 V, whose capacities are 120

and 140 mA'h-g”, respectively. For TA series samples, both flatness and 4 V-capacity
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decrease with the decrease in heating temperature and 4V-capacities of TA3 and TA6 are

about 100 and 60 mA-h-g”, respectively, but the capacity of 3 V plateau is independent of
heating temperature and about 140 mA-h-g” for all the samples. In the curves of 2TA
series samples (Fig. 2.13d), the curve of sample 2TAS is similar to that of other three series
samples heated at 800 °C, and the 4 V- and 3 V-discharge capacities are 130 and 120
mA-h-g”, respectively. For 2TA series samples, with the increase in heating temperature,
the 4 V-discharge capacity increases; about 100 mA-h-g™ for 2TA6 and about 60 mA-h-g”
for 2TA3. But the capacity of plateau at 3 V is almost constant of 120 mA-h-g™.

2.5 Discussion
2.5.1 Characterization of samples

XRD data indicated that samples in all series heated up to 300 °C have very poor
crystallinity compared with those heated to 800 °C, having small lattice parameter, a, and
large lattice strain, «.

The results of Rietveld and EXAFS analysis indicated that the sample OX3 contains
some amount of vacancies on manganese ion sites (16d) or displacement of lithium ions from
8a sites to 16d sites which seems to be responsible for observed small lattice parameter, a,,
and large lattice strain, e. But the sample OX8 had little imperfection in cation distribution;
which had relatively large lattice parameter, a,, and much small lattice strain, €. In the
samples heated at 800 °C, however, 20X8 and TA8 with composition ratio of 2Li/Mn>1.0
had larger lattice strain, ¢, and smaller lattice parameter, a,, in comparison with samples OX8
and 2TA8 with composition ratio of 2Li/Mn<1.0. This suggests that excess lithium ions
are accommodated in 16d sites, not 8a sites, and this defect may cause the decrease in lattice
parameter, a,, and the increase in lattice strain, € [10-14].

In XPS spectra (Fig. 2.12), the shoulder at 641.0 eV becomes large with the
decrease in heating temperature. Since binding energy of electron tends to shift to the
higher energy with the increase in oxidation state of the ion [25], growth of shoulder at
641.0 eV, which has the lowest binding energy among three peaks of Mn2p,,, is
corresponding to the decrease in mean oxidation state of manganese ion at the surface.
Therefore, with the increase in heating temperature, mean oxidation state of manganese ion

decreases and sample heated at 300 °C has the highest mean oxidation state among three

samples at the surface. Because displacement of lithium ion from 8a site to 16d one and




formation of cation vacancy lead to increase of mean oxidation state of manganese ion in

order to keep electrical neutrality in the crystal, the increase of mean oxidation state of
manganese ion seems to be due to defect in cation distribution in sample powders heated at
lower temperature. Since ionic radius of Mn* (0.067 nm) is smaller than that of Mn*
(0.072 nm), the increase of mean oxidation state of manganese ion is thought to cause small

lattice parameter, a, and large lattice strain, €.

2.5.2 Effect of crystallinity on electrochemical performance

Rest potential tends to increase with the decrease of crystallinity. Rest potential is
thought to be related to activity of lithium ion in host, which may be called site energy for
lithium insertion/extraction. The higher the potential, the more stable lithium site is [26-
31]. The decrease of crystallinity of LiMn,O, host produces distortion of the structure
which may make energy distribution of the sites for lithium insertion/extraction broad
[30,31]. Therefore, the sample with the low crystallinity has the higher rest potential.
Flatness of plateau is also related to the site energy [30,31]. If the activity of all lithium
ions inserted into and extracted from the host structure, in other words, all site energies for
lithium insertion/extraction are equal, charge-discharge curves have to show distinct plateau.
Since the sample with low crystallinity has a larger distribution of site energy for lithium
insertion/extraction compared to the sample with high crystallinity, flatness of plateau
decreases with the decrease of crystallinity.

Relation between first discharge capacity above 3.5 V (4V-capacity) and lattice
strain, ¢, and lattice parameter, a,, are shown in Figs. 2.14a and b, respectively. First
discharge capacity above 3.5 V increases linearly with the increase of lattice strain, ¢, and the
decrease of lattice parameter, a,. These changes in lattice strain, €, and lattice parameter,
a,, are reasonably supposed to be caused from the disturbance in cation distribution and the
increase of mean oxidation state of manganese ion (the increase of the number of Mn* in
LiMn,0,). Therefore, two explanations on the decrease of 4V-capacity can be considered.
One explanation is that extraction/insertion of lithium ions around defect structure can not
take place. Another one is as follows; since host LiMn,O, is oxidized (Mn** = Mn* + ¢)

with extraction of lithjum, the decrease of the number of Mn* in host leads to the decrease

of the 4V-capacity.
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For OX and 20X series samples, capacity below 3.5 V (3V-capacity), which is due
to the insertion of extra lithium into spinel structure, decreases with the decrease of
crystallinity, but on TA and 2TA series samples there is no dependence of crystallinity on the
3V-capacity (Figs. 2.13a-d). Therefore, the capacity change for OX and 20X series
samples dose not seem to depend on the crystallinity of host. Process of the thermal
decomposition and structure of lithium-manganese-dicarboxylic complex salt are very
different between oxalates and tartrates [19,20].  The lithium-manganese-oxalate
decomposed in one step after the release of coordination water and so it is speculated that it
had a chain-like structure, where lithium and manganese ions were linking through oxalic
acid ions (Fig. 2.7b). The lithium-manganese-tartrate decomposed in four steps and was
thought to be a mixture of manganese-tartrate and lithium-manganese-tartrate complex salt
(Fig. 2.7a). 'This may lead to difference in the effect of heating temperature on the 3V-
capacity between samples derived from oxalates precursor and those derived from tartrates

one. We need more evidence to explain the result.

2.6 Summary

For the preparation of LiMn,O, powders with different crystallinity the new process
passing through dicarboxylates of lithium and manganese and followed by the decomposition
under mild conditions was developed.  For the experimental of electrochemical
performance, four series of LiMn,O, prepared through oxalates and tartrates and annealed at
different temperatures, were selected. The effect of crystallinity of samples on
electrochemical properties were studied.

Capacity of the plateau at 4 V (4V-capacity) decreased linearly with the decrease of
lattice parameter, a_, and the increase of lattice strain, e, which are due to the disturbance of
cation distribution from normal spinel structure between 8a and 16d sites and the increase of
mean oxidation state of manganese ions. Therefore, it was concluded that 4V-capacity due
to the extraction of lithium from spinel structure strongly depends on the crystallinity of
host.

Capacity of the plateau at 3 V (3V-capacity) which corresponded to the reaction for
the insertion of extra lithium ions into spinel structure was independent of crystallinity of
hosts which were prepared from tartrates. But the capacity of samples prepared via

oxalates decreased with the decrease in heating temperature.
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Chapter 3

Ordered rock-salt type LiCo,;Ni, O,

3.1 Introduction

Ordered rock-salt type LiMO, (M = Co and Ni) is isostructural with a-NaFeO, , in
which transition metal and alkali metal ions are located at 3a and 3b sites, respectively, in a
cubic close-packed oxygen array (Fig. 3.1.) and belongs to the space group R3m. As seen
from this figure, lithium ions and transition metal ions form respective layers between closed
packed layers of oxygen. Therefore, lithium ions can diffuse along the two-dimensional
linkage of 3b sites. As in a-LiFeO,, which has a random distribution of Li and Fe ions in
octahedral site 3a and 3b, respectively in cubic system, LiMO, can have the cubic rock-salt
type structure with disordered distribution of Li and M ions, in addition to ordered
distribution. In the present chapter, a difference in electrochemical performance among the
samples heated at different temperatures was found to be due to the relative amounts of
these “ordered phase” and the “disordered phase”.

Electrochemical lithium extraction/insertion reaction on LiMO, has been studied for
cathode materials in 4 volt secondary lithium ion batteries because of its stable and high
lithium insertion/extraction potential [1-3], which is expressed as,

LiMO, = x Li* + x ¢ + Li, MO,.

For LiCoO, and LiNiO,, structural changes with lithium extraction and also with re-
insertion of lithium have been reported by several authors [4-8]. Stability diagrams
reported in different literature [6-8] and the changes of lattice parameters in monoclinic
systems with x-value in Li; NiO, are shown in Fig. 3.2, where the hexagonal cell was
converted to monoclinic cell. With lithium extraction, the lattice parameters, a, b, ¢, and 3,
change discontinuously at four different x-values, associated with the change of crystal
system in the order of hexagonal (H1), monoclinic (M), hexagonal (H2), and hexagonal (H3)
phases, as shown in Fig. 3.2. For Li_,Co0,, three different hexagonal and two different
monoclinic phases are known to appear [4,5].

Ordered rock-salt type LiCoO, was prepared by heating the powder mixtures of
lithium and cobalt carbonates at 900 °C for 20 hours followed by two further firings. By
cycling of extraction/insertion of lithium ions, its structure was found to be kept [1].

Therefore, this material was used in commercial high-energy density lithium ion batteries as
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cathode. The cobalt ions in this structure was designed to be replaced by either nickel or

iron, if possible, because of economical reason. LiNiO, was prepared from stoichiometric
mixtures of nickel compound and lithium one, such as NiO and Li,0, Ni(NO,), and LiOH,
and NiCO; and LiNO,. LiNiO, powders were obtained by heating these mixtures at
ranging from 700 to 850 °C [6,7,9]. In order to optimize the electrode performance, effect
of deviation from stoichiometric composition, Li/Ni = 1, on electrochemical performance has
been studied in detail [7,9]. In LiNiO, sample with Li/Ni<1.0, excess Ni ions have to be
located in 3b sites in addition to 3a sites and have the oxidation state of 2+, accompanied by
the same amount of cation vacancies. Because those Ni ions in 3b sites are reasonably
supposed to interfere the diffusion of lithium ions and, as a consequence, the capacity due to
extraction/insertion of lithium from 3b sites, which gives a plateau at around 4 V, decreased.
Because ion radii of Ni** and Li* in the structure of ordered rock-salt LiNiO, with space
group R3m are close, the displacement of Ni and Li ions occurs and the cubic rock-salt
structure domains in which Ni and Li ions are randomly located in 3a and 3b sites are formed
easily, in comparing with LiCoO,. This makes the preparation of battery-active LiNiO,,
1.e., ordered rock-salt type LiNiO,, difficult. In order to avoid this difficulty in preparation
a solid solution system between LiCoO, and LiNiO, was studied [10,11]. In this system of
LiCoO, and LiNiO,, a continuous solubility was expected and so, with replacement of cobalt
ions by nickel ions, a- and c-parameters change continuously from 0.282 to 0.288 nm and
from 1.407 to 1.419 nm, respectively. In these solid solutions, structural change with
lithium extraction/insertion takes place with continuous lattice parameter change, i.e. single
phase reaction, and a feature of open circuit potential curve of LiCo,Ni, <O, is intermediate
between those of LiCoO, and LiNiO,.

In the present chapter, LiCoy;Ni,;O, powders with different crystallinity were
prepared by heat treatment of lithium-cobalt-nickel-oxalate at different temperatures and
their electrochemical performance was studied. There was no difference in lattice
parameters, a and ¢, among the samples heat-treated at different temperatures, but the
crystallinity evaluated by half width of XRD lines widened with the decrease in heating
temperature. The capacity above 3 V which was due to reversible lithium insertion into
ordered rock-salt phase decreased with the decrease of crystallinity of LiCo,Ni, .0, cathode
material, though total capacity down to 1.5 V for all the samples was the same; about 600
mA-h-g’,




3.2 [Experimental

LiCo,sNiysO, powder samples were obtained via lithium-nickel-cobalt-oxalate
following exactly the same procedures as described in the previous chapter [12,13].
* Procedure for sample preparation is shown in Fig. 3.3. Lithium acetate dihydrates, nickel
tetrahydrates, and cobalt acetate tetrahydrates were dissolved in ethanol. Stoichiometric
ratio between lithium ion and sum of transition metal ions (Ni**+Co") and the ratio between
two transition metal ions were controlled to be unity at this step. And then this solution
was mixed with ethanol solution of oxalic acid. Amount of oxalic acid ions was equal to
the sum of metal ions. Immediately after mixing of these solutions, the mixture changed
into viscous sol.  The sol was dried to obtain the precursor powder, which was thought to
be lithium-cobalt-nickel-oxalate.  From this precursor, LiCo,sNi;sO, powders were
prepared by thermal decomposition of the precursor at different temperatures of 500 to 800
°C for 24 hours under O, gas flow with a flow rate of 50 cm®min™. The heating and
cooling rates were 1 K'min™. These samples prepared at 500, 600, 700, and 800 °C were
named as LNC5, LNC6, LNC7, and LNCS8, respectively. Exact atomic ratio of metals in
the samples, Li/Co/Ni, was determined by means of ICP-AES analysis and listed in Table
gl

The XRD patterns of the samples were recorded with Ni filtered Cu Ko and Fe
filtered Co Ko radiation. From the XRD patterns, lattice parameters, a and ¢, and half
widths of 003 and 104 peaks were measured. In the present study, half widths of
diffraction lines are employed as a measure of crystallinity. Sharpening and intensity of 003
and 104 peaks are related to development of stacking and extension of layer structure,
respectively.  Lattice parameters were calibrated by referring to inner standard of
crystalline Si powder.

Electrochemical two electrode cell with a composite cathode and an anode was
fabricated, of which details were described in section 2.3.3.  Charge-discharge curves in the
range between 4.5 and 1.0 V vs. Li*/Li were recorded at a constant current of 10 mA-g™.

All electrochemical tests were carried out in a grove box filled with argon gas.

3.3 Results

3.3.1 Characterization
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Lithium Acetate dihydrate =~ Oxalic acid (OX)
Nickel acetate tetrahydrate  Ethanol
Cobalt acetate tetrahydrate

Ethanol

L—mixing

evaporation of acetic acid
heating at 50 °C

Precursor powders
(Li-Co-Ni-OX)
Li:Co:Ni:0X=2:1:1:4

thermal decomposition
in O, gas flow

LiCo, sNiy 50,

Fig. 3.3 Preparation procedure of LiCo,sNi, O, powders.




Table 3.1 Composition ratio and XRD data of the samples.

Sample | Composition ratio Half width (degree) Lattice parameters (nm)
Code Li #Ce/ Ni Do B o4 a C

LNC5 | 0.87/0.50/0.50 0.85 1.08 0.285 1.41
LNC6 | 0.87/0.49/0.51 0.61 0.78 0.285 1.41
LNC7 | 0.93/0.50/0.50 0.23 0.31 0.285 1.41
LNC8 | 0.88/0.49/0.51 0.13 0.21 0.285 1.41




The XRD patterns of the samples are shown in Fig. 3.4. With the increase of

heating temperature, all diffraction peaks become sharp and particularly the 003 line
becomes strong in comparison with other peaks. This reveals the development of layered
structure with the increase in heating temperature. Lattice parameters, a and ¢, and half
widths of 003 and 104 lines are listed in Table 3.1. There is no difference of lattice
parameters among the samples.  Both half widths, B, and B,,, decrease with the increase in

heating temperature.

3.3.2 Electrochemical performance

First charge-discharge curves of the samples down to 1.0 and 3.0 V are shown in
Figs. 3.5a and b, respectively, where each curve was shifted upward sequentially by 1.0 V
for easier view. Charge plateau begins from 3.8 V and its capacity is about 200 mA-h-g™
for all samples but the feature of these curves differs among the samples. Charge capacity
of plateau below 4.0 V and gradual potential change region in the range between 4.0 and 4.5
V increases with the increase in heating temperature. Sample LNC5 shows a plateau at
around 4.2 V. The lower the heating temperature, the larger potential drop by inverting of
current direction from charge to discharge. In the discharge curves, two plateaus are
observed at above 3.0 and around 1.5 V. The total capacity of the first discharge down to
1.0 V is about 600 mA-h-g™ for all the samples, but the capacity above 3V increases and that
below 3 V decreases with the increase in heating temperature. Thus with the decrease in
heating temperature, the first discharge capacity of the plateau at around 1.5 V increases
with consuming the capacity above 3 V. Charge-discharge cycle above 3 V was almost
reversible on all samples. However, once the cell was discharged down to 1.0 V, the cell

was not rechargeable.

3.4 Discussion

With the increase in heating temperature, crystallinity of samples improves, the
sample LNC8 having the highest crystallinity among the present samples.

In the low temperature crystallized LiCoO,, there is disordering of Co and Li sites,
resulting in a cubic rock-salt type structure associated with distribution of Co and Li among

the octahedral 3a and 3b sites of a cubic-close-packed array of oxygen [14,15]. In the

LiCo, sNi, s0, samples heated at low temperatures, the imperfection of cation distribution, or

-

AT

i “ —

,y‘f’éﬁ T




- - - pars LIS -l . + o e 3¢
it sl Lo 1 e Gl Lt i o Sk Sy 4
2 E R S SR R MR e U R S R

'sordures oy jo swioned QUX b€ S

(03] nD) $92139p / 9 ¢

0L 09 0§ V1% 013 0¢ Ol
_ ] | I

R
2\

_ = s D
O < £ £
p—t o0 s
ot
= o O
~J T
ok 5%
s
O
= W

st
e
e
———
promsceam:.




Potential / V vs. Li*/Li

Potential / V vs. Li*/Li
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the formation of cubic rock-salt domain (disordered phase), may occur. Because the

charge plateau at around 4.2 V is observed only in the samples LNC5 and LNC6, the
reaction at 4.2V seems to be related to lithium extraction reaction from the cubic rock-salt
structure (disordered phase) domains. Because of the disordered structure, diffusion of
lithium ions seemed to be disturbed and the largest polarization at the inverse point of
current direction from charge to discharge was observed in sample LNCS5, and the
polarization decreased with the increase in heating temperature. Since charge plateau
below 4.0 V and gradual potential change region between 4.0 and 4.5 V increases with the
improvement of crystallinity, they seem to have relation to lithium extraction from ordered
phase, i.e. layered structure. There is no difference in the number of interstitial sites in
cubic-closed-packed array of oxygen in LiCo,sNi,.O, structure between ordered
(hexagonal) and disordered (cubic) phases. So, total discharge capacity down to 1.0 V is
almost the same for all the samples. Potential for lithium insertion into disordered phase
domain was 1.5 V, and with the decrease in crystallinity, or with the increase of disorderness
in structure, the discharge capacity of plateau at 1.5 V increased.

Relation between first discharge capacity above 3 V, which is due to lithium insertion
into ordered phase, and half widths of 003 and 104 lines, By and B, is shown Fig. 3.6.
With the improvement in crystallinity of LiCo,sNi,sO,, the discharge capacity above 3 V
increases. In LiCo,;Ni, O, system, high crystallinity of host is demanded in order to get a

sufficient charge-discharge capacity above 3 V.

3.5 Summary

Electrochemical lithium insertion/extraction on LiCo,sNi, ;O, powders with different
crystallinity was studied. With the increase of the crystallinity, charge-discharge capacity
above 3 V increases. Thus, high crystallinity, or well-developed layered structure, is

necessary to get a high performance of the electrode in 4 volt rechargeable lithium ion

batteries.
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Chapter 4

Anatase type TiO,

4.1 Introduction

Titania (TiO,) has different crystallographic modifications, such as rutile, anatase,
brookite, and amorphous. Three crystal structures differ in the mutual connection between
chains consisting of edge-shared Ti-O octahedra with some distortion. The construction in
anatase is shown in Fig. 4.1. Ti-O octahedra share their edges to make a zigzag chain.
The chains are also connected by sharing edges as shown in Fig. 4.1. The resultant
structure belongs to the space group of 14,/amd and has three dimensional channels where
lithium ions can diffuse through and also be accommodated.

Lithium insertion/extraction on rutile, anatase, and brookite powders has been
studied, and anatase powders showed the best electrochemical performance, the largest
capacity and the highest discharging potential, among the three crystal types [1,2]. Anatase
powders are very attractive material because of the possibility of their various applications,
such as membrane in dye-sensitized solar cell [3,4], electrodes for lithium batteries [5,6], and
electrochromic windows [7,8]. Lithium insertion/extraction reaction on anatase is utilized
in the latter two applications i.e., electrodes for batteries and electrochromic devices, and has
been studied since 1970’s.

Lithium insertion/extraction reaction on TiO, is expressed as follows;

Ti0, +x Li" + x ¢ = L. TIO,,

For the anatase-type TiO,, in the composition range 0<x<0.5 of LiTiO,, lithium ions are
inserted through three dimensional channels and accommodated randomly in vacant
octahedral sites of ccp oxygen array [3,4]. Because the octahedral site is distorted, lithium
ion is displaced from the center of the octahedron and, as a result, the nearest neighbor
oxygen atoms are five. The anatase TiO, skeleton is maintained during lithium insertion,
and then inserted lithium ions are reversibly extracted [5-8]. Crystallographic unit cell
parameters for anatase and LijsTiO, are compared in Table 4.1 [4-6]. The lattice
parameters expand from 0.3784 to 0.38082 nm and 0.40768 nm in the direction of a and b
axes, respectively, but shrinks from 0.9515 to 0.90526 nm along the ¢ axis. On lithiation,
tetragonal symmetry of anatase changes to orthorhombic one in Li TiO,.

In the present chapter, lithium insertion/extraction on anatase-type TiO, with

different crystallinity and morphology was investigated. The powders of anatase-type TiO,
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Table 4.1 Crystallographic unit cell of anatase and lithiated anatase, Li, sTiO,.

Crystallographic unit cell (nm)
a b ¢

Anatase 0.3784(1) 0.3784(1)  0.9515(2)
Liy s TiO, 0.38082(1) 0.40768(1)  0.90526(4)




were synthesized under hydrothermal conditions from amorphous TiO, prepared by

hydrolysis of titanium tetraisopropoxide. The original amorphous TiO, and reagent grade
anatase were also employed as samples.  For all of the samples, the first discharge capacity
down to 1.6 V was about 170 mA-h-g", which corresponds to the composition of Li, . TiO,,
but different potential changes with lithium insertion ranges were observed; a plateau at 1.75
V and gradual potential decrease from 2.5 to 1.75 V. In the samples prepared by using
hydrothermal technique, the powder particles consisted of crystallite of anatase covered with
amorphous TiO,, and in their first discharge curves, the plateau region was thought to be due
to lithium insertion into crystalline anatase phase and gradual potential region was thought to
correspond to lithiation into amorphous TiO,. Crystallinity of the samples had an effect on
a flatness of the plateau at 1.75 V, and the increase in the lattice strain, €, seemed to lead to

the decrease in flatness of the plateau.

4.2 Experimental

Anatase-type TiO, powders were prepared as follows; reagent grade titanium
tetraisopropoxide (75 cm®) was diluted with reagent grade 1-propanol to a total volume of
500 cm’. By adding this solution into 1500 c¢m® water, white precipitates were obtained.
The precipitates were isolated by a centrifuge and dried in a vacuum dryer at around 20 °C.
The white powders obtained were found to be amorphous in structure and to contain 5-20
wt.% water (hereafter TA). Anatase-type TiO, powders were prepared by hydrothermal
treatment of these TA powders.  After increasing the pressure up to 15 MPa, the autoclave |
was heated to an appropriate temperature with a heating rate of 10 K'min®. During
heating, the pressure in the bomb was kept constant at 15 MPa.  Preparation conditions for
cach sample are listed in Table 4.2 with sample code. The details of the preparation
procedure were reported in the literature [9].  Starting amorphous titania (TA) and also a
reagent grade TiO, with anatase structure (TR) were also employed for lithium
insertion/extraction reactions.

XRD measurements with Ni-filtered Cu Ka radiation were performed on the samples
with a scanning speed of 2 °*min™ for measuring over all patterns and that of 0.1 °-min for

measuring half width of diffraction peaks. From the half width of diffraction peaks (101,

200, 105, and 211 peaks were used), lattice strain, e, and crystallite size, L, were




Table 4.2  Preparation conditions of the samples.

Sample Code Preparation Conditions

TA Hydrolysis of titanium tetraisopropoxide.

T350W Hydrothermal treatment at 350 °C, 15 MPa, 48 h
with addition of water of 10 cm’.

T350 Hydrothermal treatment at 350 °C, 15 MPa, 48 h
without addition of water.

T100W Hydrothermal treatment at 100 °C, 15 MPa, 1 h
with addition of water of 10 cm’.

TR Reagent from Kanto Kagaku Co.Ltd.




determined. Procedure of calculation using Hall’s equation was described in the section
222,

UV-VIS absorption spectra were measured on the samples by using a diffuse
reflectance attachment with a scanning speed of 5 nm'min™. From the peak position of the
first derivative of the absorption spectra, the absorption edge was determined.

Particle morphology and microstructure of the samples were examined under
scanning electron microscopy (SEM) and transmission electron microscopy (TEM). SEM
observation was carried out with an acceralation voltage of 25 kV. Because anatase
powders are electrical insulator, sample powders mounted on a copper holder were coated
with gold by sputtering. For TEM observation, sample powders were dispersed in
methanol and were deposited on a Ni grid with carbon film.

All electrochemical tests were performed in a glove box filled with argon gas.
Discharge curves down to 0.5 V (vs. Li"/Li) and discharge-charge curves in a potential range
between 1.6 and 3.6 V (vs. Li*/Li) were measured with a constant current of 10 mA-g™.
After the cell was settled for 12 hours, rest potential of the cathode against Li*/Li was
recorded. Fabrication method for the conventional two electrode cell, the composite

cathode and the anode were described in the section 2.3.3.

4.3 Results
4.3.1 Structural characterization

The XRD patterns of the TiO, samples are shown in Fig. 4.2. The sample TR
shows sharp diffraction lines characteristic of anatase phase, which reveals the highest
crystallinity of the present samples used. Three TiO, powders prepared under
hydrothermal conditions show only the diffraction lines of anatase phase, but the broadness
of diffraction lines depends strongly on preparation condition; much broader on the sample
treated at 100 °C (sample T100W) than those at 350 °C (sample T350W). The sample TA
shows no diffraction peak indicating amorphous.

Crystallite size, L, and lattice strain, €, calculated from the half widths using Hall’s
equation are summarized in Table 4.3. Because there is no peak in the XRD pattern of
sample TA, its crystallite size and lattice strain were not possible to be determined, but it is

reasonably supposed that the crystallite size is much smaller and the lattice strain is markedly

larger than other samples used. Sample TR has the largest crystallite size among the
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samples used, and there is almost no strain in the crystallite of sample TR. Sample T100W

shows a relatively small crystallite size and large lattice strain. As the two samples heated
at 350 °C, T350 and T350W, are compared, an addition of excess water during
hydrothermal treatment assists the crystallization of sample, because the latter has a larger
crystallite size and smaller lattice strain than the former.

Fig. 4.3a) shows the UV-VIS absorption spectra of the samples. The absorption
edge of these powders seems to shift toward shorter wavelength, and to widen with the
decrease of crystallinity determined by XRD measurements. The first derivatives of UV-
VIS absorption spectra are shown in Fig. 4.3b). The absorption edge of these samples was
determined from apparent peak positions. The values observed are listed in Table 4.3.
Sample TA in amorphous state has a single peak at 336 nm, and samples TR and T350W in
crystalline anatase state have a single peak at 366 nm. However, samples T350 and
T100W have two peaks, and the position may be assigned to those for amorpﬁous titania
(336 nm) and for crystalline anatase (366 nm). This suggests that these two samples
prepared under hydrothermal conditions are constituted of two phases with amorphous and
crystalline states, though only anatase phase was detected on XRD pattern. In the samples
prepared under hydrothermal conditions, an absorption edge related to crystalline anatase
shifts to shorter wavelength linearly with the decrease in crystallite size and this is known as
blue shift [10].

The SEM photographs of samples are shown in Fig. 4.4. For sample TR, the
particle size is about 0.1 um. The particle size of sample T350W is not uniform; the largest
is about 0.5 um and the smallest below 0.1 um. For samples T350, T100W, and TA,
uniform particle size below 0.1 um is observed.

The bright field images of samples T350W, T350, T100W, and TA are shown in Fig.
4.5. In sample T350W, polygonal particles, which are not uniform in size, are observed,
and some of them grow beyond 0.1 um. Particles of sample T350 are constructed with two
regions; polygonal particles with the size of about 70 nm and featureless regions which are
almost transparent to electron beam, the latter appearing to cover the former (Fig. 4.5b).
In sample T100W, polygonal particles, whose size is about 20 nm, are also covered with
transparent regions (Fig. 4.5¢). These three samples were concluded to be anatase-type

structure from their XRD patterns. Combining with the result of UV-VIS absorption

spectra, however, the polygonal particles and the transparent regions are reasonably
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Fig. 4.3 The UV-VIS absorption spectra a) and the first derivatives of UV-VIS
absorption spectra b) of the samples.




Fig. 4.4 The SEM photographs of the samples.
a) TR, b) T350W, ¢) T350, d) TI00W, and ) TA.
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Fig. 4.5 The bright field images of samples.
a) T350W, b) T350, ¢) T100W, and d) TA.




supposed to be anatase crystallites and amorphous TiO,, respectively. In sample TA, its

particle size is in the range 20 to 100 nm, and its shape is featureless, no polygonal shape

particles being observed, and its electron diffraction pattern shows only a halo.

4.3.2 Electrochemical performance
The rest potential of the samples are listed in Table 4.3. There is no difference in
the value of rest potential among the samples, TR, T350W, and T350, which have relatively

small lattice strain, €, smaller than 1.0 X 107, and the value of rest potential is about 3.18 V.

Sample TA shows the highest value of 3.39 V. The rest potential of sample T100W with
lattice strain of 2.6 X 10?%is 3.23 V.

Discharge curves of samples down to 0.5 V are shown in Fig. 4.6. Capacity down |
to 0.5 V is about 400-500 mA-h-g™ for all samples, except for sample TA which shows about l
800 mA-h'g™. The amount of lithium inserted down to 1.6 V is about 0.5 Li/TiO,, which |
was said to be that reversibly inserted and extracted, for all the samples. However, shape
of the discharge curves are very different among the samples. Sample TA shows a gradual
potential change without any plateau region. For sample T100W, the region of gradual ‘
potential change becomes shorter than sample TA and, as a consequence, a plateau at 1.75 V
appears.  For sample T350, the former becomes much shorter and the latter becomes much
longer. For samples T350W and TR, a capacity of gradual potential region above 1.75 V is
very small, even negligible, and long flat plateau at 1.75 V is observed.

The changes in the discharge-charge curve of the samples with cycling between
potentials of 1.6 and 3.6 V are shown in Fig. 4.7. If it is taken into account that the i
crystallinity changes from TR (Fig. 4.7a) to TA (Fig. 4.7¢) in turn, capacity loss during the ’
first cycle of discharge and charge is found to increase with the decrease in crystallinity of
samples. It has to be pointed out that the capacity in the gradual potential change region
observed in the discharge curve decreases in the charge curve for samples T100W and TA
(Figs. 4.7d and €).  This implies that the main capacity loss is due to the trapping of lithium '

in the amorphous regions containing water molecules. 2

4.4 Discussion

Samples TR and T350W are comprised of anatase type TiO, powders, whose

particle size is about 100 nm, and lattice strain, ¢, is relatively small as below 1.0 X107,
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From the results of XRD pattern, UV-VIS absorption spectra, and TEM photographs, the
particles of samples T350 and T100W are found to be anatase-type crystallites covered with
amorphous TiO,. Crystallite of sample T350, whose size is about 70 nm, has a lattice strain
of 9.1 X 10 corresponding to that in samples TR and T350W, but for sample T100W, the
crystallite size and lattice strain are 20 nm and 2.6 X 10, respectively. TA powders are in

an amorphous state and their particle size is in the range of 20 to 100 nm.

In the first discharge curves in Figs. 4.6 and 4.7, the overall amount of lithium
inserted down to 1.6 V is about 0.5 Li per TiO, for all samples, as reported in the literature
[6-8].  However, it has to be divided into two parts; lithium insertion with gradual potential
change and that inserted in the plateau region at 1.75 V. From the comparison of the
discharge curves of the five samples, the larger amount of crystalline anatase phase gives the
longer plateau part. Therefore, the plateau in the discharge curve is reasonably supposed to
be due to lithium insertion into crystalline anatase phase with polygonal shape, and the
gradual potential change due to lithium insertion into amorphous regions which are seen to
be transparent under TEM and surrounded the crystalline anatase particles. If it is assumed
that the ratio in capacity of the plateau part to that of the gradual change part in the first
discharge curves directly corresponds to the ratio of the crystalline to the amorphous
regions, we may estimate the relative amounts of two phases in the samples and they are
summarized in Table 4.3. The sample TA is in completely amorphous state. T100W is
comprised of approximately 50 % amorphous and 50 % crystalline phases, and T350 by
10 % amorphous / 90 % crystalline. T350W and TR are in almost 100% crystalline state.

Because lattice strain is defined as the scattering in interlayer spacing, it may be
regarded as a degree of distortion of the lattice, the main part of which is reasonably
supposed to be due to the distortion of octahedral site for lithium insertion. It is also
supposed that energy for lithium insertion into distorted octahedral site differs from that for
lithium insertion into non-distorted site. So degree of the distortion of the lattice is related
to distribution in site energy for lithium insertion. Based on these discussion, the lattice
strain in anatase is a measure of the site energy distribution for lithium insertion; the larger
the strain is, the wider the site energy distribution, in other words, the sample contains the
more distorted octahedral sites. Rest potential is thought to be chemical potential of

lithium in the host structure, or a site energy for lithium ions. The samples TR, T350W,

and T350 have very small lattice strain, below 1 X 10, which means they have homogeneous




site energy for lithium insertion. This consideration is consistent with their flat plateau at

1.75 V (Fig. 4.7a, b, and c), which corresponds to lithium insertion into crystalline anatase.
For sample T100W, lattice strain is 2.6x107 and rest potential is 3.23 V. These values are
higher than those of samples TR, T350W, and T350. This indicates that there is a larger
distribution of site energy for lithium insertion in this sample than that of other three samples,
which appears on the discharge curve in Fig.4.7d as the decrease in a flatness of the 1.75 V
plateau.  For sample TA, rest potential is the highest among the samples, 3.39 V, and lattice
strain is thought to be relatively large compared with other samples. So, the site energy
distribution is thought to be broad, and lithium ions are inserted and extracted at wider
potential range as shown in Fig. 4.7e.

Sample TA has an amorphous structure containing water. Because of the reaction
between water molecules and lithium ions inserted, and its less compact structure than
crystalline one, sample TA shows a comparatively large discharge capacity down to 0.5 V of
about 800 mA-h-g”. For all five samples discharged down to 0.5 V, almost all the lithium

ions inserted are impossible to be extracted.

4.5 Summary

From the present work, the following conclusions are obtained:
1. The two titania samples prepared under hydrothermal conditions (T350 and T100W)
were composed of both amorphous and crystalline regions. In their particles, the crystalline
particles with polygonal shape seemed to be covered with amorphous TiO,.
2. Lithium insertion into the amorphous region took place with gradual potential change in
the potential range from 2.5 V to 1.75 V, and lithium was inserted into the crystalline region
with a plateau around 1.75 V.  The ratio of the amorphous region to the crystalline region
was determined by that of the amount of lithium inserted in those two potential ranges.
3. Value of lattice strain and rest potential seems to represents a distribution degree of site

energy for inserted lithium ions.
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Chapter 5

Crystalline V,0,

5.1 Introduction

Crystalline vanadium pentoxide (V,0;) has a quasi-layered structure as shown in Fig.
5.1.  Each layer is built up from VO, square pyramids along crystallographic ab-plane,
sharing their edges and corners. While four distances of vanadium-oxygen bonds which
form bottom square are 0.177, 0.188, 0.188, and 0.202 nm, the apical one is very short
(0.154 nm) and corresponds to a double bond [1,2]. The layers are piled up along the c
axis of the orthorhombic cell with weak sixth vanadium-oxygen bonds, whose bond length is
0.281 nm. Because of the presence of the sixth V-O bonds, structure of crystalline V,0.
has channels along the b-axis rather than layer structure with two dimensional gaps.

Study for lithium insertion/extraction reaction on V,0O; in order to develop electrodes
for lithium batteries and electrochromic devices started from 1970’s [3-9]. Lithium
insertion and extraction reaction on V,0; is expressed as follows;

VoOs+xLi"+ x¢ =L V,0.
Lithium ions are inserted not from ab-plane (basal plane) but from edge plane (ac-plane), and
are thought to diffuse through channels along the b axis [10]. Schematic potential change
curve of V,05 down to 1.0 V (vs. Li*/Li) with lithium insertion is shown in Fig. 5.2. There
are four plateaus at 3.4, 3.2, 2.5, and 2.0 V, and their capacities are Ax = 0.5, 0.5, 1.0, and
1.0, respectively. Detailed structural change of V,O with lithium insertion and extraction
has been studied by means of X-ray diffraction (XRD) [11-13], electron paramagnetic
resonance (EPR) [14-16], X-ray absorption (XRA) [17], 'Li-nuclear magnetic resonance e
('Li-NMR) [18]. Stability diagrams for LiV,05 (0<x<2) around room temperature
proposed by several authors are shown in Fig. 5.3 [16]. Although composition range of
each phase differs among the diagrams mainly due to a difference in experimental conditions,
such as current density and V,0 sample used, it has been clearly shown that host structure
changes in the order of a-, €-, 8-, and y-Li,V,05 phases with lithium insertion. Fig. 5.4 i
shows schematic representation of the structures of V,0; and -, 8-, and y-Li,V,O; phases
[15]. The a-phase, though its structure is not shown in Fig. 5.4, has almost the same i

structure of pristine V,0O5 except for slightly wider interlayer spacing between the layers of

V-O square pyramids. In e- and d-phases, both widening of the spacing between V-O "’
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Fig. 5.4 Schematic representation of the structures of V,0; L
and the €-, 8-, and y-phases.
Open and closed circles represent vacant and occupied sites for lithium ions.
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layers and puckering of V-O sheets by the rotation of pyramids, resulting in the increase of
c-parameter and the shrinkage of a-parameter, respectively, occur, but the V,O. skeleton is
maintained as shown in Figs. 5.4b and c. The degree of puckering of V-O sheets increases
from o- to 8- through e-phases. By further insertion of lithium above x =1.0, layer
puckering becomes more pronounced than in the d-phase and, as a consequence, the VO,
pyramids alternate up and down: the structure is named y-phase (Fig. 5.4). The structural
change from &- to y-phase causes the destruction of composite cathode because of
pronounce distortion of structure and also of expansion along c-axis. Therefore, reversible
lithium insertion/extraction on crystalline V,O; has been observed in the composition range
of O<x<1.0 in Li,V,0; [19,20]

In order to improve reversibility and capacity, many structural modifications of V,0,,
such as amorphous, xerogel, aerogel, a-bronze, and B-bronze have been prepared and their
distinct electrochemical behavior was reported [21-33]. These modifications differ in
linkage of VO; pyramids, and this leads to their distinct electrochemical properties.
Therefore, study on the relation between host structure and lithium insertion/extraction
seems to be very important for development of the most effective electrode material.

In the present chapter, the dependence of discharge capacity up to x = 1.0 above 3 V
and discharge potential change on morphology and crystallinity of V,0; powders were
studied. ~ After discharging to different levels and then opening of a circuit, potential and h
structural change of samples were investigated. The difference between structures at non-
equilibrium potential and also at equilibrium potential was observed for the samples with
different crystallinity. The potential drop below 3 V before the composition reached 5
Li, ,V,05 was found to be due to slow diffusion of lithium ions in host and small surface area

of edge plane of V,0O, powders.

5.2 Experimental

Five V,04 samples listed in Table 5.1 were used. Sample V30 was prepared by
thermal decomposition of reagent grade NH,VO, powder, whose particle size was below 60
um, at 300 °C for 1.5 hours. Sample V65 was also prepared by decomposition of the iy
NH,VO; powder at 600 °C for 1.5 hours and then followed by heating at 650 °C for 7 hours.

Flaky crystals of V,0; with about 180 um, sample VS, were synthesized using B,O, flax by
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slow cooling with a rate of about 1.7 K'min from 750 °C. Samples VS3 and VS6 were
obtained by grinding VS sample in an agate mortar for 30 and 60 minutes, respectively.

Specific surface area of these five samples was measured by means of an adsorption
of nitrogen gas at the liquid nitrogen temperature. XRD measurements were performed on
the pristine samples and the lithiated ones by using Cu Ka radiation. Lattice parameters of
the pristine V,0O5 samples used were determined from 020, 601, 021, 412, 710, and 321
diffraction lines by referring to the internal standard of crystalline Si powders. The
intensity ratio of 001 peak to 110 peak, Ip/I,.0, depends strongly on the preferred
orientation of V,O; crystals in a X-ray sample holder, so that it was adopted as a measure of
extension of VOjy square pyramid sheets, i.e., [001] plane. UV-VIS absorption spectra of
samples were recorded by diffuse reflectance mode with a scanning speed of 5 nm'min™.

Two electrode cell with composite cathode and anode for electrochemical
measurements was fabricated in the same way as described in Section 2.3.3.  Rest potential
of the cathode was measured after the cell was assembled and settled for 12 hours, before
the measurements of discharge-charge performance. Potential changes with time during
discharging and charging at a constant current of 10 mA-g" were recorded All these
electrochemical tests were carried out in the grove box filled with argon gas.

Structure of the samples discharged down to different depth was investigated by
means of XRD. Immediately after discharging down to certain depth, the cathode was 4
taken out from electrochemical cell and its XRD pattern was measured without rinsing
(sample in non-equilibrium). Potential of the discharged cathode was traced after the i
circuit was opened, and after reaching the equilibrium potential, structure of samples was

also studied by XRD (sample in equilibrium). 5

5.3 Results
5.3.1 Effect of heating temperature 7
a) structural characterization

Specific surface area of V30, V65, and VS is summarized in Table 5.1. The higher 5
the treatment temperature, the smaller the surface area. Sample V30 has about 10 times

larger surface area than samples V65 and VS.

The XRD patterns of V30, V65, and VS are shown in Fig. 5.5. Diffraction peaks E

become broader with the decrease in heating temperature. The results indicate that sample
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Fig. 5.5 The X-ray powder patterns of the V,0, samples.
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V30 has the smallest crystallite size among three samples. Diffraction patterns of sample
VS shows a sharp and strong 00/ peaks and relatively weak peaks 200, 101, 110, and 440,
indicating strong orientation of ab-planes. Intensity ratio, Iooi/1110 and lattice parameters of
V30, V65, and VS are also listed in Table 5.1. The intensity ratio Io,/I;,, of sample VS is
much larger than that of samples V30 and V65. This indicates an enhanced development of
ab-plane in sample VS, the crystallites with developed ab-planes being easily oriented by
packing the sample into sample holder. Lattice parameter ¢ decreases with the increase in
heating temperature, though there is no appreciable difference in the lattice parameters a and
b.

The UV-VIS spectra of the samples are shown in Fig. 5.6. With the decrease in |
heating temperature, absorption maximum shifts to shorter wave length (blue shift). The L
blue shift is concerned with the decrease in crystallite size and is consistent with XRD data |
[34]. Because sample VS has the largest crystallite size among the samples, its absorption
edge is at the longest wavelength.

As shown in Table 5.1, rest potentials of the samples are in the range between 3.50

and 3.58 V, sample V30 having slightly higher value than other two samples.

b) Potential and structure changes during discharging

Fig. 5.7a shows discharge curves down to the potential of 0.5 V of the V,05 samples.
There is no difference in total capacity down to 0.5 V of 700 mA-h-g" among three samples 3
used. However, apparent difference in shape of discharge curves is observed, particularly
at the beginning of discharge up to 400 mA-h-g". The discharge curves of samples up to F
300 mA-h-g™ are enlarged in Fig. 5.7b. The capacity above the potential of 3 V decreases 'l:
with the increase in heating temperature as mentioned in the previous paper [35]. Sample
V30 shows two plateaus above the potential of 3 V and the capacity down to 2.5 V is about
150 m-A'h-g”, which corresponds roughly to the composition of Li, ,V,Os. Sample V65 i
also shows two plateaus above 3 V, but the one at 3.4 V is shorter than that of V30. The i,
capacity above 3 V is only about 90 mA‘h-g". In sample V65, the discharge potential
abruptly falls down to 2.5 V before the composition reaches Li, ,V,O5 and then the potential
gradually decreases until 2.3 V. The capacity down to 2.3 V is about 140 mA-h-g™.

Sample VS shows no obvious plateau above 3 V and the capacity down to 3 V is only 40 5
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Fig. 5.7 The discharge curves of V,0, samples down to 0.5 V (vs. Li"/Li) a)
and up to 300 mA-h-g" b).
The symbols A-D are referred to following Fig. 3A-D.
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mA-h-g". The discharge potential drops to about 2.3 V and then decreases gradually down
to 2.2 V, the capacity down to 2.2 V being about 120 mA-h-g™.

The changes of potential after discharging down to different depths A to D are
recorded (Fig. 5.8) as shown in Fig. 5.7b. At different steps in each potential curve, the
cathode was picked out from the electrolyte and their XRD patterns were measured. For
sample VS discharged up to 40 mA-h-g”, the open circuit potential rapidly recovers to reach
above 3 V (Fig. 5.8A). The sample taken at the point 1) (non-equilibrium sample) shows
two 001 lines; a sharp peak at 0.440 nm and broad one at 0.467 nm. The equilibrium
sample taken after the potential saturated (point ii) in Fig. 5.8A) also shows two 001 lines, at
0.440 and 0.448 nm. These two 001 peaks show the interlayer spacing of VO, pyramids
sheets, the first peak at 0.440 nm corresponds to lithiated a-phase and second peak at
0.467-0.458 nm to lithiated e-phase. This result indicates that the gap of V-O pyramidal
square layers is widened by insertion of lithium ions to 0.467 nm near the surface of the
cathode (in non-equilibrium state), but by waiting to accomplish an equilibrium the gap
shrinks to 0.458 nm owing to the diffusion of lithium ions into the V,O matrix.

For VS sample discharged up to 75 mA-h-g” (point B in Fig. 5.7b), the potential ;
change curve shows a small plateau around 2.5 V and then the potential gradually increases r
to the equilibrium potential (Fig. 5.8B). The XRD pattern of non-equilibrium sample at the
point i) in Fig. 5.8B shows four 001 lines with d-spacing of 0.501, 0.470, 0.455, and 0.440
nm, but with equilibrated sample (at the point ii) in Fig. 5.8B) an additional line at 0.540 nm ]
together with four 001 lines with d-spacing of 0.501, 0.465, 0.455, and 0.440 nm is
observed. By a comparing two patterns, it is seen that the phase with d-spacing of 0.470
nm disappears, and a new phase with 0.540 nm line and the phase with 0.465 nm are formed.
After opening the circuit, therefore, two structural changes should occur in the lithiated }
V,0Os; a part of the phase with 0.501 nm spacing changes to a new phase with 0.540 nm line ,
and the phase with 0.470 nm spacing is converted into the phase with 0.465 nm spacing due
to the diffusion of lithium ions. :

Fig. 5.8C shows the XRD patterns and the potential change of sample V65
discharged up to 120 mA-h-g” at the potential of 2.5 V (point C in Fig. 5.7b). The

potential increases gradually after opening the circuit, much slower compared with sample

VS discharged down to the same potential (Fig. 5.8A). There is no difference in XRD
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Fig. 5.8 The X-ray powder patterns and the potential changes after opening circuit
of discharged samples. The numbers indicated are d-spacing in nano meter

A) sample VS discharged up to 40 mA‘h-g”,
B) sample VS discharged up to 75 mA-h-g",
C) sample V65 discharged up to 120 mA-h-g™,
D) sample V30 discharged up to 120 mA-h-g™.
The symbols i) and ii) are corresponding with each other in potential
change curve and X-ray powder patterns.
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patterns between non-equilibrium and equilibrium samples ( i) and ii), respectively), showing
001 lines with d-spacing of 0.498, 0.455, and 0.442 nm.

For sample V30 discharged up to 120 mA-h-g” (point D in Fig. 5.7b) at the potential
of 3.15 V, the open circuit potential quickly gets back to the equilibrium potential (Fig.
5.8D). There is no difference in XRD patterns of non-equilibrium and equilibrium samples
(1) and i), respectively). The two peaks with d-spacing of 0.496 and 0.467 nm are
observed.

For the three samples, the XRD patterns of lithiated samples up to 400 mA-h-g" are
measured and confirmed that almost all the peaks originated from V,O; structure disappear,

and that a broad peak at about 18 ° is observed (Fig. 5.9).

¢) Discharge-charge cycles

Fig. 5.10. shows the changes of discharge-charge curves of three samples with
cycling. The discharge-charge curve of sample V30 shows a little capacity loss by cycling
at least up to fifth and no change in the curve feature. For sample V65, capacity loss of
about 20 mA'h-g” during first discharge-charge cycle is observed. For second and third
cycles, difference between two plateaus above 3 V becomes distinctive, and two new
discharge-charge plateaus at around 2.5 and 3.5 V are observed. For sample VS, the
capacity loss of about 50 mA-h-g" during first cycle is observed. At second and third
cycles, a significant capacity loss is not observed, but the feature of curves changes with
cycling; a discharge-charge plateau at around 3.5 V is observed and it becomes longer with
cycling number. A discharge-charge capacity of plateau at around 2.5 V decreases and a

capacity of two plateaus above 3 V increases with cycling number.

5.3.2 Effect of grinding

Specific surface area, lattice parameters, intensity ratio, Iy,/l,,, Oof pulverized
samples, VS3 and VS6, are listed in Table 5.1. With the increase of grinding time, I,,,/1,;,
decreases and specific surface area increases. Specific surface area of VS3 is comparable

to that of V30, where lithium ions are fully inserted up to the composition of Li, ,V,O; at <

above 2.5 V, but the intensity ratio I, /I,,, of VS3, as a measure of extension of VO, square

N—
Lok R

pyramid layers, is still ten times larger than that of V30. For sample VS6, the specific

surface area and the intensity ratio Iy, /I;,, are two times larger than those of V30. The c-
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Fig. 5.10 The discharge-charge curves of V,0; samples.
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parameter of ground samples is larger than that of VS, but there is no difference in the value

between VS3 and VS6 samples.

Discharge curves up to 400 mA-h-g" are compared among samples VS, VS3, and
VS6 in Fig. 5.11.  With the increase of grinding time (from VS to VS6), the capacity above
3V increases and that of the plateau around 2.3 V decreases. The 3V and 2.3V capacities
of VS3 are about 75 and 50 mA-h-g”, respectively, and those of VS6 are about 110 and 0
mA'h-g”, respectively.

5.4 Discussion
5.4.1 Effect of crystallinity of host V,0; in phase transformation by lithiation

In the three samples with different heating temperature, sample V30 has the largest
specific surface area, the smallest crystallite size, and the largest c-parameter, in other
words, it has the lowest degree of development of ab-plane and the weakest V-O bonds
linkage between VOjs square pyramidal layers. Sample VS has the highest crystallinity, i.c.,
the largest crystallite size and the smallest c-parameter, and sample V65 is located at the
middle between samples V30 and VS.

These structural characters of samples had an appreciable effect on their ¢
electrochemical behavior, especially in the beginning of discharging. This effect of host
crystallinity seems to be attributed to diffusion rate of lithium ions in V,O; structure, i.c., in
the channels along the b-axis, which is known to depend strongly on effective current
density, more precisely on current per surface area of edge plane through which lithjum ions i
are inserted from electrolyte. The diffusion may be affected by the crystallinity, such as ‘v
enlargement of ab-plane (which can be estimated from Iy, /I,;, in the present work), the
number of V-O sheets piled up (half width of 001 peak), and V-O bond strength linking VO
sheets (c-parameter). Even though an applied current is constant, 10 mA-g”, for every e
samples, it is difficult to evaluate effective current density because the surface area of edge
plane is hard to measure. As a first approximation, it may be supposed that the edge
surface area is related to total surface area and enlargement of ab-plane (I,/1,;)-

Several stability diagrams of lithiated phase of V,05 around room temperature have
been reported [16] and are shown in Fig. 5.3. Although the composition ranges of

existence of each phase and the value of c-spacing are slightly different among the diagrams

reported [11-13,16] as discussed in section 5.1, it is the same in all reports that the phase
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changes from pristine V,05 to a-, e-, 8-, and y-phase in order, and V,0s skeleton is
maintained up to d-phase. Pecquenard et al. [15,16] reported that a part of y-phase
dissolves into electrolyte in the form of VO," jons during lithium insertion in the range of
1.0<x<2.0.  From these reports, the lithiated phases with 0.44, 0.45-0.47, and 0.50 nm gap
are attributed to a-, e-, and d-phase, respectively, and the phase with 0.54 nm spacing is
assigned to y-phase. The e-phase with 0.47 nm gap is named as g,-phase and the phase
with the gap below 0.47 nm as ¢,-phase.

Schematic view of lithiated samples at non-equilibrium and equilibrium in the present
work (Fig. 5.8) is shown in Fig. 5.12. For sample V30 lithiated up to 120 mA-h-g" (Fig.
5.8D), the e,-phase with 0.467 nm gap and a small amount of 8-phase with 0.496 nm gap are
present.  This phase change is the same as the result reported [20]. Because of small VO,
square pyramidal sheet and weak V-O bonds linking in these small sheets, lithium ions
inserted from the cathode surface can diffuse quickly into the center of the V,0. powders
and so pristine V,0;, and a-phase change to e-phase.

For sample VS lithiated up to 40 mA-h-g" (Fig. 5.8A), the &,-phase with 0.467 nm
gap seems to be formed near the surface of V,05 powders with a-phase at the non- %
equilibrium ( i) in Fig. 5.8A and 5.12A) owing to relatively slow diffusion of lithium against

effective current density. ~ After attaining the sample equilibrium by diffusion of lithium ions

from surface to inner V,0;, the region of ¢,-phase with 0.467 nm gap converts into the 0.458 '-
nm ¢,-phase with consuming a-phase.
In sample VS lithiated up to 75 mA‘h-g* (Fig. 5.8B), 0-, ¢,-, and a-phases are \,

thought to be formed from the surface in this order in non-equilibrium sample. Due to
diffusion of lithium ions, the e,-phase changes to the ¢,-phase with consuming a-phase, and a
part of d-phase converts into y-phase. Disappearance of e,-phase may be explained to be
due to very slower diffusion rate of lithium during the structural change from 3-phase to ¢,-
phase compared with that during change from ¢,- to €,-phase with a wide range of gaps of 5
0.465-0.455 nm. This implies that the stability of e,-phase is lower than that of -phase and
e,-phase. The finding may be concerned with a partial molar entropy change with lithium

concentration in lithiated phase of V,0; reported by Pereira-Ramos et al. [36].  According

e
e

to them, the partial molar entropy is minimum at x = 0.3 in L V,Os, or €,-phase with 0.45

s

f;_<.

nm gap, but it increases with the increase in the concentration until the composition of x =

0.5, or e,-phase with 0.467 nm gap, and then gradually decreases until the composition of x
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= 0.9, or d-phase. These entropy variation is caused by the ordering of lithium ions in these
phases, ¢,-phase with 0.45 nm gap and d-phase being higher than that in g,-phase with 0.467
nm gap.

The behavior of the sample V65 lithiated up to 120 mA-h-g" resembles that of
sample VS (Fig. 5.8C). By deep discharging, large amount of d-phase is formed at the
surface of V,O; particles. Here, ¢,-phase with 0.467 nm gap is not observed even after the
sample reached to the equilibrium.

Crystallinity modification in host V,O4 by grinding was found to have the same effect
on phase change during lithiation. Because crystallite of V,0; is cleaved mainly along its
ab-plane by grinding, the values of intensity ratio, Iy,/1,,,, on the ground samples, VS3 and
VS6, are relatively larger than the ratio of V30. Though surface area of VS6 is two times
larger than that of V30, all surface area of edge planes on crystallites may not be so large.
Similarly, the area of edge plane for VS3 should be smaller than that of V30, whereas the
specific surface area of VS3 is comparable with that of V30. Grinding samples VS3 and
VS6 has larger extension of VOs sheets and a smaller c-parameter than those of V30.
These characteristics of grinding samples have an effect on their discharge curve (Fig. 5.11)
in a similar manner to that discussed on the effect of heating temperature. Because of slow
diffusion of lithium in V,0O;, in the pulverized samples, 8-phase was formed at the surface of
V,0;s particles and discharge potential dropped below 3.0 V before the lithium concentration
reached Li, ,V,0..

5.4.2 Cycling performance

The cycling behavior for the three samples is explained on the basis of Pereira-
Ramos’s report [32]. Slight capacity loss of sample V30 is thought to be caused by
trapping of lithium in V,Os structure with e-phase. Large capacity loss of samples V65 and
VS is thought to be mainly due to the formation of y-phase at the potential plateau between
2.5 and 2.2 V. The presence of y-phase is confirmed by appearance of charge-discharge
capacity around 3.5 V in Figs. 5.9b and ¢ [19,20]. But the most of lithium in the y-phase
can not be extracted because of poor electrical contact in the composite cathode due to large
structural change of lithiated V,05.  For samples VS and V65, the increase of 3V-capacity

seems to be caused by destruction of large crystallites during the cycling (chemical grinding). -

Resulting small crystallites can lead to an easy diffusion of lithium as shown V30.
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3.5 Summary

From the present work, the following conclusions are derived:
1. Total capacity down to 0.5 V is almost the same and about 700 mA-h-g" among the
samples with different crystallinity.
2. Effect of crystallinity on discharge potential especially on the early stage of discharge up
to 400 mA'h-g" was observed. Because, in the sample with high crystallinity, stacking and
extension of VO pyramids were developed and diffusion of lithium in V,0;5 was very slow,
0- and y-phases were formed near the surface. Therefore, in the samples with high
crystallinity, discharge potential was dropped below 3.0 V before the composition reaches
L Va0
3. Structural change from d-phase to e,-phase with 0.47 nm gap during discharge is very
slow compared with that from e,-phase with 0.47 nm gap to g,-phase with 0.45 nm gap.
4. V,0, powders with high specific surface area, and small intensity ratio Ioy,/1,,0, and large

c-parameter, or with low crystallinity were better for cathode materials in lithium batteries.
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Chapter 6
Crystalline MoO,

| 6.1 Introduction
‘ Molybdenum trioxides (-MoO;) has a layered structure, as shown in Fig. 6.1, where
| Mo-O octahedra share their edges to make zigzag chain S along the a-axis and these zigzag

chains connect with each other at corners of Mo-O octahedron to malJ} a sheet in ac-plane.

The sheets pile up along the b-axis with van der Waals force. Resultant structure belongs

to the space group of D, " of orthorhombic system with the lattice constants of a=0.3966,

b=1.388, and ¢=0.3703 nm.

( Lithium insertion into and extraction from the van der Waals gaps of a-MoO, have

been studied since 1970’s in order to investigate the possibility for cathode materials in

lithium batteries [1-5] and electrochromic windows [6,7]. The reaction is expressed as;

MoO, + x Li* + x ¢ = Li MoO..
a-MoQO; has known to have wide composition range of O<x<1.5 in Li MoO, for reversible
lithium insertion and provides high energy density of 670 W-h’kg™ [1-5]. LiMoO, shows
some electronic conductivity and high Li" mobility even at room temperature [8].
Molybdenum trioxide has some crystal forms, such as amorphous MoO, and B-
MoO;, and molybdenum bronze, and solid solutions with other transition metal oxides, such

as MoO;-V,0,, and MoO,-WO, systems, are also known. For these materials, distinct

‘,_ ._‘_< <A4
At = b e

electrochemical behavior has been reported [9-14].

In the present chapter, electrochemical lithium insertion/extraction was studied on
three a-MoO, samples prepared at different temperatures with different crystallinity. The y
structural change during lithium insertion/extraction was followed by means of XRD
measurements. The crystal structure of pristine MoO, was irreversibly converted into
distorted one, accompanied by the increase in interlayer spacing of the van der Waals gap
from 0.69 to 1.20 nm at the first discharge plateau of 2.8 V. The expansion of interlayer 9
spacing with lithiation was up to 1.24 nm and larger than that reported previously, for which

one of possibilities was shown to be the co-insertion of organic electrolyte molecules. No

dependence of electrochemical behavior on crystallinity of MoO, was observed. o
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6.2 Experimental
MoO; samples were prepared by thermal decomposition of (NH,),Mo-0,, powder
(reagent grade) at 300 and 600 °C for 24 hours under oxygen gas flow with the flow rate of
20 cm*min™, which were named M30 and M60, respectively. The sample M60 kept in a
SiO, glass tube under vacuum was heated at 750 °C for 24 hours, the resultant MoO, sample
with high crystallinity being named M75.  Both heating and cooling rates during these heat
treatments were 1 K'min™.
The crystallinity of these three host MoO, samples was studied by XRD with Ni-
filtered Cu Ka radiation and the morphology of samples was observed by SEM with 25 kV
acceleration voltage. The UV-VIS absorption spectra of samples were recorded by using
diffuse reflectance mode with a scanning speed of 5 nm'min™.
Conventional two electrode cell with a composite cathode and anode was fabricated
with the same manner as described in section 2.3.3.  The composite cathode was made as
follows; the MoO, sample powder was mixed with 10 wt.% carbon black and 10 wt.%
PTFE molding powder. Part of the mixtures was separated and weighed to be 1.00 *
0.03 mg. The mixtures was rolled and pressed on a stainless steel mesh, and used as the
cathode. The rest potential of the samples was measured, after the cell was assembled and
settled for 12 hours in advance to perform electrochemical measurements. Electrochemical
lithium insertion down to 1.5 V and lithium insertion/extraction cycle up to 180 mA-h-g”, i
which corresponds to the composition of Li, ,MoO,, were done with a constant current of 10

mA-g". Potential change with time during this process were recorded. All these

o i

electrochemical tests were carried out in a grove box filled with Ar gas.

The lithiated samples with different discharge depth were picked out from the
electrochemical cell and were studied by XRD with either reflection or transmission ‘,
arrangement for incident X-ray beam. The thin composite cathode pressed onto stainless
steel mesh without rinsing was stuck on an X-ray sample holder by adhesion tape. Because
the XRD pattern recorded on the cathode containing pristine MoO, with reflection mode
showed only 04O lines and the pattern recorded with transmission mode showed only A0/
lines, the particles of MoO, in the composite cathode tend to be orientated by making their

b-axes preferentially perpendicular to the surface of the cathode. Therefore, XRD pattern

observed by reflection arrangement gives the structural information mainly on the stacking
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of Mo-O octahedron layers along the b-axis and that by transmission arrangement on the

connection of Mo-O octahedron in their layers along the ac-planes.

6.3 Results
6.3.1 Characterization of pristine samples

The powder patterns of the pristine MoO, samples are shown in Fig. 6.2. With the
increase in heating temperature, diffraction peaks become sharp and 040 lines get strong in
comparison with other Akl lines. From these patterns, lattice parameter, b, which
corresponds to the twice of interlayer spacing of Mo-O octahedron layers stacked along b-
axis, was determined as a measure of the width of van der Waals gap and listed in Table 6.1.
Intensity ratio between 040 and 101, I4,y/1,o,, Was also calculated (Table 6.1) as a parameter
of the preferred orientation of particles with anisotropic shape in an X-ray sample holder,
which depended strongly on the size of Mo-O octahedron layers. The layers with the large
size were easier to be orientated and so gave the higher value of I,/1,,,, With the increase
in heating temperature, interlayer spacing slightly decreases, i.e. the van der Waals gap
slightly narrows, and the I,,/I,,, ratio drastically increases, i.e., Mo-O octahedron layers
greatly grow.

The color of sample M30 was gray, but those of samples M60 and M75 were light
yellow. Since MoO; single crystal is reported to have anisotropy in color, ab-plane being
black and both bc and ac-planes light yellow [15], sample M30 is reasonably supposed to

have the largest fraction of ab-plane (perpendicular planes to Mo-O octahedron layers) on

T ey

the surface of their particles among three samples. The color of the samples is consistent
with the expectation from X-ray I,,,/1,,, ratio. .

The SEM photographs of the samples used are shown in Fig. 6.3. Sample M30 A
consists of small particles, the size of which is about 1 wm. In sample M60, however, flat B,
platy-particles are observed, the largest one being about 10 wm, and in sample M75, most of
particles have long flat stick-shape with the length of more than 100 um. Large stick-
shaped anisotropic crystals in sample M75 are reasonably supposed to be formed through
vapor phase in glass tube during the heat treatment at 750 °C.  The crystal planes with large

area observed in samples M60 and M75 are reasonably supposed to correspond to ac-plane.

The present SEM photograph observation is consistent with XRD results and sample color.
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Code

Table 6.1 XRD data and rest potential of the samples.

Lattice Parameter Intensity Ratio Rest Potential

b (nm) foefTa() (V vs. Lif/Li)

M30
M60
M75

1.391 2 3.39
1.385 34 3.31
1.383 1170 329

R
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‘ig. 6.3 The SEM photographs of the samples.
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Fig. 6.4 shows the UV-VIS absorption spectra of the samples. Absorption

maximum shifts to shorter wavelength with the decrease in treatment temperature, as is
known as blue shift on absorption edge. The blue shift is thought to be concerned with the
decrease in particle size of MoO, [16]. Sample M30 has the smallest particle size among
three samples and therefore its absorption edge lies at the shortest wavelength (blue shift).
The rest potential of samples, which represents site energy for lithium insertion, is
also summarized in Table 6.1 with XRD data. Marked difference is not observed among
three samples, but it appears that the higher the treatment temperature the somewhat higher

the rest potential.

6.3.2 Structural change during first lithium insertion process

The discharge curves of three samples and the changes of XRD patterns during
lithium insertion reaction (discharge) on sample M60 are shown in Fig. 6.5a) and b),
respectively. The symbols of A to H in the XRD patterns are referred to the symbols on
discharge curve of sample M60. From the position of 020 line for pristine MoO, and 030
one for lithiated MoOs, the interlayer spacing of Mo-O octahedron layers is calculated and
listed on the right side of the XRD patterns.

There is no difference in the feature of discharge curve among three samples.
These three discharge curves show two plateaus, the first one at about 2.8 V with the
capacity of about 50 mA-h-g”, and the second one at the potential range from 2.4 to 2.0 V
with the capacity of 200 mA-h-g™.

At the first plateau, pristine MoO; with the interlayer spacing of 0.69 nm coexisted
with a new lithiated MoO, phase with the spacing of 1.175 nm, as shown in XRD pattern B
in Fig. 6.5b. With the increase in lithium ions inserted, the diffraction lines of pristine
MoO, become gradually weak and the new broad 0k0 lines grow up which are continuously
shifting to lower diffraction angle side. At the end of this first plateau (point C in Fig.
6.5a), the interlayer spacing of the new phase becomes 1.20 nm. Then, the spacing of the
new phase continues to widen until the beginning of the second plateau (point D in Fig. 6.5a)
and reaches about 1.24 nm (pattern D in Fig. 6.5a). In the second plateau, the spacing of
lithiated MoO, decreases gradually with lithium insertion down to 1.115 nm (point H in Fig.
6.5a). Change in the interlayer spacing with concentration of lithium in MoO, is shown in
Fig. 6.6. Pristine MoO, completely disappeared at the composition of Li,,Mo00, (Fig.

6.6a) Interlayer spacing of the lithiated MoO, continues to increase up to 1.24 nm around

110
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Fig. 6.4 The UV-VIS spectra of the samples.
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the composition of LijsMoO, and then decreases to 1.175 nm up to the composition of

Li, MoO, (Fig. 6.6b).

| Fig. 6.7 shows the changes of XRD patterns with lithium insertion measured by
transmission arrangement for sample M60. Symbols A, C, E, and H are referred to the
symbols on the discharge curve in Fig. 6.5a). For pristine sample (pattern A), no 0O lines
due to the stacked layers (ac-planes) are observed, but there are 011, 021, 101, and '111
lines, which indicate rather strong preferred orientation of platy- and stick-shaped particles
( in the cathode. By lithiation, all these four lines disappear and new diffraction lines denoted
by closed circles emerge. These new lines are thought to be due to the inner structure of

Mo-O octahedron layers. Two new lines around 25 ° seem to get to be closer with each

other by lithium insertion and finally change to one broad line at the point H in the discharge
curve (Fig. 6.5a). The small line around 35 ° fades away with lithiation. In order to

identify these lines appeared, we need more detailed information on the distortion of

octahedron layers by lithiation.

| 6.3.3 Discharge-charge performance

For sample M60, charge-discharge curve and XRD patterns in reflectance
arrangement of the third-cycled sample at charged state (point I in the charge-discharge
curve) and at discharged one (point J) are shown in Fig. 6.8 a) and b), respectively. Other

two samples M30 and M75 showed the same results. The plateau at about 2.8 V which is

observed in the first discharge curve disappears in the second cycle. This indicates that
| structural change at the first plateau, observed on the XRD patterns from A to C in Fig.
6.5b), is irreversible.  The feature of discharge curve after the second cycle is similar to that 1
| of amorphous MoO,; previously reported by F. Bonino et al. [10].
i By a comparing in XRD patterns of charged (I in Fig. 6.8) and discharged state (J), it
i is found that in discharged state J the 0O lines become broader with increasing & index than
| in charged state I. This implies that the discharged MoO,, i.e., lithiated MoO,, has more
‘ lattice strain along b-axis than the charged one, which is supposed to be due to the larger
fluctuation of interlayer spacing of van der Waals gap in discharged MoO,. The interlayer
spacing at discharged state (point J) is 1.145 nm and that at charged state (point I) 1.185 nm. '
Since these value are close to those at points G (1.16 nm) and B (1.175 nm) on the first
discharge curve in Fig. 6.5. The structural change with lithium insertion/extraction after

the first discharge seems to be almost reversible.
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Fig. 6.8 Discharge-charge curve of sample M60 and the XRD patterns of charged I)
and discharged J) M60 samples.
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6.4 Discussion
Crystalline MoO, has a layered structure in which Mo-O octahedron layers stack by
van der Waals force. This spacing of the van der Waals gap depends on the extension of
Mo-O octahedron layer in ac-plane; sample M75 has the largest layer size, as proved by
SEM, XRD, and UV-VIS, and, as a consequence, the smallest spacing among three samples.
The large widening of the van der Waals gap from 0.69 to 1.20 nm by lithiation at the first
plateau (from A to C in Fig. 6.5a) implies the possibility of insertion of lithium ions
associated with solvent molecules into gallery, because lithium ion has been known to have a
size below 0.08 nm. By this solvated Li* ions, stacking order between Mo-O octahedron
layers seems to be strongly disturbed at the beginning of lithiation because 110, 021, and 111
lines disappeared. ~And besides, the connection among Mo-O octahedra may be distorted,
because 101 line disappeared and new lines caused by the inner structure of the new
deformed layer denoted closed circle in Fig. 6.7 appeared.
Senoh et al. [12] pointed out from the changes in FTIR spectra during lithiation that
i in the beginning of lithiation lithium ions interact with oxygen atoms at edge sharing part in
Mo-O octahedron sheets rather than those facing to the van der Waals gap. Not only large

expansion of the van der Waals gap but also structural change of Mo-O octahedron linkage

in the layers are reasonably expected to take place with lithium insertion into Mo-O ‘_;
octahedron sheets. This is consistent with the changes of XRD patterns observed in
transmission arrangement which gives the information on Mo-O octahedron linkage in layers
(Fig. 6.7). i

The structure of MoO, once passed through the plateau at 2.8 V may resembles to
that of V,05 xerogel [17-20], where V-O square pyramidal layers are stacked by van der

‘ Waals force with H,O molecules between the layers, and the van der Waals gap in V,0,

SO T s

xerogel is able to accommodate some cations and organic solvent molecules, such as

1 propylene carbonate [17-20], and to keep the charge-discharge cycles reversible.
Therefore, there is no effect of host MoO, crystallinity on electrochemical performance.

The reason for shrinkage of van der Waals gap with further insertion of lithium above

150 mA-h-g™, as shown in Fig. 6.5, could not be cleared in the present work. If solvated

lithium ions are also inserted during the second plateau, the gap has to be either expanded

further or kept constant. So solvent molecules are not thought to be inserted into the gap

at the second plateau.




First discharge capacity down to 1.5 V and discharge-charge cycle performance up

to about 190 mA-h-g™, which corresponds to the composition of Li, MoO,, are all the same
among three samples.  After the second cycle, potential change with lithium
insertion/extraction reaction shown in Fig. 6.8 is very similar to that reported on an
amorphous MoO, [10]. This result indicates that layered structure of MoO, is not
necessarily needed for lithium insertion/extraction reaction, and that lithium ions are held in
particular part of Mo-O octahedron linkage.

Based upon the above discussion, a scheme of lithium insertion into crystalline MoO,
is shown in Fig. 6.9. Symbols A-H correspond to those in Fig. 6.5a). At the first plateau
at 2.8 V in the first discharge curve (Fig. 6.5a), the van der Waals gap is widened by the
insertion of solvated lithium ions. Lithium ions inserted into the van der Waals gaps are
accommodated in the sites in Mo-O octahedron layers (Fig. 6.9B) and the solvent molecules
are left behind. At the end of this plateau, pfistine MoO; completely disappeared (Fig.
6.9C). This process contains irreversible structural change in octahedron sheets (Fig. 6.7)
and the 2.8 V plateau is not observed after the second cycle of discharge-charge (Fig. 6.8a).
At the second plateau at 2.4-2.1 V, solvent molecules are not inserted, but lithium ions
inserted further more diffuse among solvent molecules in the gap and are accommodated in
the certain sites in the layers, which gives small shrinkage of the gap and strong distortion of
octahedron layers (Fig. 6.9C to H). This structural change seems to be reversible and so

the discharge-charge cycle is also reversible as shown in Fig. 6.8.

6.5 Summary

Lithium insertion/extraction reactions on three a-MoO, samples with different
crystallinity were studied. Since the first lithium insertion into pristine MoO, caused a
strong distortion in structure even though started from a highly crystalline host, all three
samples gave the same electrochemical performance afterward, which was similar to that of
an amorphous MoQO,, in other words, no effect of crystallinity of starting MoO, on
electrochemical performance. The spacing of the van der Waals gap in a-MoQO, was
widened from 0.69 to 1.24 m and the inner structure of the Mo-O octahedron layers was
also changed by lithiation.

From the structural change studied mostly on sample M60, a scheme for the lithium

insertion into MoO, was discussed. A possibility on the insertion of solvated lithium ions
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Fig. 6.9 A schematic view of lithium insertion into MoO,.
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into the gap was expected by a large expansion of the van der Waals gap with lithiation at

2.8 V plateau and an accommodation of inserted lithium ions in certain sites of Mo-O

octahedron sheets was supposed from XRD studies.
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Chapter 7

Discussion and conclusions

7.1 Synthesis of lithium containing transition metal oxides via dicarboxylates

Lithium containing transition metal oxides are mainly prepared by firing of
mechanical mixtures of lithium compound and transition metal one [1-4]. Because lithium
oxide, Li,O, evaporates from the reaction system during heating above 600 °C, it is hard to
control the composition of resultant compound. It is very important to adjust the
composition of electrode materials, since the deviation from the stoichiometric composition
has an obvious effect on electrochemical lithium insertion/extraction reaction, such as cycle
retention and capacity [5-8]. Therefore, many preparation methods, such as alcholate
method [9], complex salt method [10], ultrasonic spray decomposition [11], etc., were
reported. Synthesis method of lithium containing transition metal oxides from lithium-
transition metal-dicarboxylates was suggested and demonstrated in the present work.

In order to study about the effect of dicarboxylic acid on the synthesis of LiMn,O,
powders, four dicarboxylic acids, oxalic, malonic, succinic, and tartaric acid, were selected.
On the basis of the results of XRD, FTIR, DTA-TG-MAS, the structure of the precursor,
Le., lithium-manganese-dicarboxylates, was proposed. Oxalate and succinate has a chain
like structure in which lithium and manganese ions are linked by dicarboxylate ions.
Malonate and tartrate is mixtures of lithium-manganese complex salt and manganese
dicarboxylate. In the complex salt, two dicarboxylate ions connect to manganese ion as
bidentate to be complex ion, and charge balance of the complex salt is achieved by proton
and lithium ion.  The four precursors decompose and convert to LiMn,O, phase above 300
w0

The present method is not suitable for industrial manufacture, because the price of
these dicarboxylic acid and ethanol is so expensive that the total cost of this method should
be more higher than that of a conventional method, in which mechanical mixtures of
manganese oxide and lithium carbonate are heated. But it is useful for obtaining sample

powders with a low crystallinity in laboratory scale without any by-product.

7.2 Crystallinity of the samples
Transition metal oxides are known to have different crystal structures and in each

structure type to have a wide range of crystallinity from single ‘crystal to amorphous state

through polycrystalline powders with various size and morphology. Each structure type
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| has their thermodynamically stable temperature-pressure region which is shown as phase
f diagram for each oxide. However, the crystallinity in each structure type depends strongly
on the preparation conditions, particularly in polycrystalline powders.

In order to develop electrochemically active electrode materials for batteries,
particularly for lithium ion batteries, the selection of structure type is one of the important
factors, because it governs the amount of lithium which can be inserted and extracted, and
also the diffusion rate of lithium ion in the structure which is strongly related to the
maximum current density obtained during charge and discharge of the batteries. From this
point of views, various investigations have been carried out on the materials with layered
structure, such as Li(Co,Ni)O,, MoO,, MoS,, TiS,, and graphite, and on the insertion into
and extraction from the gallery of their layered structure [12-18]. Vanadium pentoxides
V,0Os has also been studied because of its pseudo-layered structure [19]. However, it has
been shown that manganese dioxides MnO,, which have been extensively used as cathode
materials in primary lithium batteries, and almost all the transition metal oxides show lithium
insertion/extraction through three dimensional channels in the host structure [20-22]. In
the spinel-type LiMn,O,, which is extensively studied in the present work from its
preparation to batter performance, lithium ions in the host can be extracted and inserted
through its three-dimensional networks of lithium and vacant sites [23].

| For these oxide electrodes, their crystallinity is also expected to have important

effect on their electrochemical performance, because it may govern the occupancy of lithium

R Y

in preferential sites and also diffusion of lithium through structure. In order to understand
this effect, it is necessary to obtain a wide range of crystallinity on each oxide. This is one
of the reasons why there have not been so many works on this effect. To study this effect,
one of the ways is to prepare first the oxide with low degree of crystallinity and then anneal
at different high temperatures to get different crystallinity.

P T e e

Lithium containing transition metal oxides, LiMn,0O, and LiCo, JNi,; O, were

T

prepared by a novel method, i.e., thermal decomposition of lithium and transition metal
dicarboxylates at low temperature as 300 °C. The method developed in the present work
enabled the preparation of these samples with low degree of crystallinity because mixing in
atomic scale between lithium and transition metals was achieved at the stage of the
precursors, lithium and transition metal dicarboxylates [24,25]. The lithium containing
transition metal oxide powders were formed at a mild condition without any by-product.

Starting from these samples, we obtained the sample powders with higher crystallinity by

heating to higher temperatures.




For LiMn,0O, samples, crystallinity of the sample was characterized by lattice
parameter, a,, and lattice strain, €, which were determined by XRD measurements. Lattice
parameter increases and lattice strain decreases with the increase in heating temperature and
these changes seemed to be due to improvement of cation distribution in spinel structure and
the decrease of mean oxidation state of manganese ion. Crystallinity of LiCo,No,.O,
samples was evaluated by half width of XRD lines. The half widths of 003 and 104 lines,
which corresponded to development of stacking thickness and extension of the layers,
respectively, seemed to increase with the increase of disturbance of cation distribution, or
the increase of disorder rock-salt type cubic LiCo,sNi, sO, domains.

For lithium containing transition metal oxides, the decrease of crystallinity causes
not only the decrease of crystallite size but also imperfection of cation distribution. Thus
the decrease of the crystallinity leads to change in the structural skeleton of host.

TiO, powders prepared by hydrothermal treatment of amorphous TiO, powders
were proved to be comprised from amorphous and crystalline anatase regions, though they
were reported to be a single phase of anatase type structure [26]. The crystallinity of
anatase regions decreased and the amount of amorphous region increased with the decrease
in heating temperature. In the crystalline region, lattice strain, ¢, increased and crystallite
size, L, decreased with the decrease in heating temperature.

For V,0; and MoO, powders, which were prepared by thermal decomposition of
corresponding ammonium salts, NH,VO, and (NH,);Mo,0,,, crystallite size (extension of
layers consisting of square pyramidal VO; and octahedral MoOQy) increased and interlayer
spacing decreased with the increase in heating temperature.

On these three transition metal oxides, TiO,, V,0O,, and MoO,, the decrease of
crystallinity caused the decrease of crystallite size and the increase of lattice strain, but the
construction of TiOg octahedra, VO, pyramids, and MoOy octahedra did not change with the
decrease of crystallinity. In other words, structural skeleton of host maintained in the low
crystalline samples, even in the amorphous state short range ordering of the construction

being thought to be held.

7.3  Electrochemical performance of the samples
Rest potential of the oxide, which was measured in the electrochemical lithium cell,
increased with the decrease of the crystallinity. Rest potential is thought to be chemical

potential of lithium ions in the host structure and the chemical potential is closely related to

site energy for lithium insertion/extraction [27-32]. The decrease of crystallinity is caused
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by the introduction of various imperfections into structure, such as disorder of cation
distribution, cation and oxygen vacancies, etc., and these imperfections make the distribution
of site energy for lithium insertion/extraction broader and more stable sites for lithium.
Therefore, rest potential tends to increase with the decrease of crystallinity for all the five
samples.

Electrochemical performance of the cathode of the present transition metal oxides is
classified into two groups, as summarized in Fig. 7.1, with charge-discharge curves, on the
basis that whether the crystallinity of these oxides affects to the performance or dose not.
Lithium containing transition metal oxides, LiMn,0, and LiCo,Ni,.O, showed a
pronounced effect of crystallinity on the first charge-discharge capacity at around 4 V, which
is related to lithium extraction/insertion on 8a sites in spinel structure and 3b sites in ordered
rock-salt type structure, respectively. The decrease of crystallinity of host, or the increase
of the disturbance in cation distribution, gave rise to the decrease of the capacity. This
indicates that high crystallinity, perfect crystal structure, is demanded in order to get a |
theoretical capacity, 148 mA-h-g" for LiMn,0, and 274 mA-h-g" for LiCo, .Ni,O,.

The effect of crystallinity on charge-discharge capacity was reported on carbon |
materials [33,34]. Theoretical discharge-charge capacity of graphite is 372 mA-h-g”, and :
that of carbon materials decreases linearly with the decrease of graphitization degree, P,,
which is one of the parameters for crystallinity of carbon materials and relates to the ratio of
the hexagonal stacking of graphite layers. Lithium jons are accommodated in the ‘~7
crystallographic sites in graphite structure and are not able to be accommodated in the sites
of turbostratic structure (disordered stacking) [34].

For these materials, such as graphite and lithium containing transition metal oxides, i
a certain crystal structure is necessary to lithium insertion/extraction.

On the other three transition metal oxides, TiO, V,O, and MoQ,, the first "
discharge capacity was independent from the crystallinity of the host. For MoO, powders,
any effect of the crystallinity of host on electrochemical performance was not observed.
The first discharge curve of TiO, powders prepared under hydrothermal conditions showed
gradual decrease of potential from 3.0 to 1.75 V and a plateau at around 1.75 V, which are
corresponding to lithium insertion into amorphous and crystalline regions, respectively.
The capacity down to 1.6 V, or capacity of the gradual potential decrease plus that of
plateau region, was almost the same among the samples used. For V,O samples, the first

discharge potential change up to 400 mA-h-g" was strongly affected by host morphology,

extension of VOs layer, but the total capacity down to 0.5 V was almost the same among the
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samples with different crystallinity. The difference in discharge potential was due to slow
diffusion of lithium ion in the V,O. structure.
Electrochemical lithium insertion/extraction on amorphous TiO,, V,0, and MoO,
has been reported [35-38]. Their gradual potential change during discharging and charging |
was observed and thought to be related to a wide distribution in site energy for lithium J'
insertion/extraction, but their capacity was almost the same that for their crystalline phase.
It indicates that crystal structure, three dimensional anatase, quasi-layered, layered structure,
ar¢ not necessary for lithium insertion/extraction, and at least short range order of MO,
octahedra or MO, pyramids (M is transition metal) is enough for lithium insertion/extraction.
As an extension of the present results and discussion on the five transition metal
oxides, all electrode materials may be divided into two groups as shown in Fig. 7.2; one
needs high crystallinity in order to function as lithium insertion/extraction materials and the
other shows lithium insertion/extraction independent of crystallinity of host, even though it is
observed in an amorphous state. For the materials belonging to the latter group, the
change of potential during discharge and charge depends on the structure type. In
amorphous phase of these materials, distribution of site energy for lithium
insertion/extraction is broadened and more stable sites are formed. Therefore, lithium
insertion takes place in the wide potential range as observed in the amorphous TiO, sample.
On materials which has layered structure such as MoO,, first diffusion of lithium ions is
expected and there is no dependence of morphology on the potential change. For
materials, such as crystalline V,0., which show lithium insertion/extraction with slow lithium
diffusion, the potential change strongly depends on the morphology, or length of the pass for
lithium diffusion.

7.4 Conclusions

Lithium containing transition metal oxides, LiMn,O, and LiCo,sNi, O, were -
prepared via dicarboxylates. For the precursor of LiMn,O,, the structure was suggested:
Oxalate and succinate has a chain like structure in which lithium and manganese ions are
linked by dicarboxylate ions. Malonate and tartrate is mixtures of lithium-manganese
complex salt and manganese dicarboxylate. In complex salt, two dicarboxylate ions

connect to manganese ion as bidentate to be complex ion and charge balance of the complex

salt is achieved by proton and lithium ion. The four precursors decompose and convert to
LiMn,O, phase above 300 °C.
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Lithium insertion/extraction of the five transition metal oxides, LiMn,O,,
LiCoysNiy5s0,, TiO,, V,0s, and MoO, was studied. On the basis of the effect of crystallinity
on electrochemical properties, these oxides were classified into two types; one shows effect
of crystallinity on the capacity of lithium insertion/extraction and the other shows no effect
of crystallinity on the capacity. LiMn,O, and LiCo,sNiy 50, belong to the former group and
TiO,, V,04, and MoO; belong to the latter. In the latter group, potential change during

discharging was affected by structure type.

7.5 Prospect
Demand for high energy density batteries will grow further in the 21 century,
because we have to cope with many ecological problems, such as CO,, NO,, and SO,
emission, which will be one of very serious problems all over the world with the growth of
economy in the Third World. So, lithium ion batteries will have been studying and
developing more and more for batteries of electric vehicle and energy storage system.
Lithium insertion/extraction on transition metal oxides was discussed putting
emphasis on the effect of crystallinity of host in the present work. This kind of systematic ;
consideration on electrode materials may contribute to develop new electrode materials and ;-
to improve the synthesis condition of electrode materials on the market.
Band structure and structural sites for accommodating electrons and lithium ions,
respectively are essential to electrode materials for lithjum ion batteries. Because
crystallinity of electrode materials is related to both the band structure and the structural
| sites, effect of the crystallinity on electrochemical performance was observed in the present g
| thesis. The study about relation between electronic properties as band structure and lithium
insertion/extraction behavior is necessary in order to investigate the effect of host on the .
electrochemical performance.
There is two approaches for studying about lithium insertion/extraction on electrode L

materials. One approach is to study about relation between the properties of host materials

and their electrochemical properties as shown in the present work. Another is to ¥

investigate about the behavior of lithium ions in host structure, such as diffusion coefficient

£

and state of lithium ions. Both these two approaches are need for well understanding of e

electrode reaction of lithium ion batteries.
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