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in-situ prepared electrode active materials
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1. Introduction

All-solid-state thin-film rechargeable lithium batteries have received much attention as a
power source for micro devices. Especially, in recent years, thin-film batteries using lithium
phosphorus oxynitride glass electrolyte (LiPON) discovered by Wang and co-workers
(Wang et al., 1996) have been extensively investigated. In the fabrication process of these
film batteries, thin films of electrodes, solid electrolyte, and current collectors are
sequentially piled-up on a substrate using different kinds of vapor deposition techniques
such as pulsed laser deposition, r.f. magnetron sputtering, and vacuum evaporation.

For the practical application of thin-film batteries, the fabrication process is desirable to be
simplified as much as possible. One of the effective methods to overcome the above problem
will be the use of “in-situ formed” material in the battery system. Using this in situ formed
material, fabrication of at least one of the material in a battery will not be necessary, leading
to both the simplification and cost reduction for its fabrication process. The use of “in situ
formed” solid electrolyte have been already shown in a primary battery system of Li/poly-
2-vinylpyridide (P2VP)el, (Greatbatch et al., 1971), which was commercialized as power
sources of cardiac pacemakers. In this battery system, solid electrolyte of Lil was prepared at
the negative electrode/positive electrode interface through the reaction of these electrodes.
Neudecker et al. have proposed “Lithium-free” thin-film rechargeable lithium battery using
LiPON, where electrochemically plated Li was used as an in situ formed anode material
(Neudecker et al., 2000). Because of high reactivity of Li, the battery system required an
overlayer to prevent side reactions with the Li anode. Lee et al. proposed a reversed
structural configuration of the lithium-free battery so that the overlayer was not required.
Although the use of in situ formed Li anode is very attractive to simplify the fabrication
process, this battery system relies on specific stability of LIPON against lithium metal.

Most of oxide-based solid electrolyte dose not obtain such stability against lithium metal
and then this technique will not be used to these solid electrolytes. It is well known that
there are so many oxide-based solid electrolytes containing transition metal ions. It should
be noted that some of these solid electrolytes can act as an electrode material when the
electrode potential exceed their voltage windows. For example, LisxLa/3)x1103(0.04 < x <
0.16) (LLT) with ABOs-perovskite structure can be an insertion electrode material after
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76 Next generation lithium ion batteries for electrical vehicles

reductive decomposition (Birke et al., 1997). When such a decomposition reaction is partially
conducted in the solid electrolyte, decomposition product can be in situ formed electrode
material combined with the solid electrolyte, that can be an unit of all-solid-state battery
system. Based on the above concept, this chapter will introduce a possibility to fabricate an
all-solid-state thin-film-type lithium-ion battery with in situ formed electrode material. In
the next section, inorganic solid electrolytes, especially, oxide-based solid electrolyte
including transition metals will be briefly summarized, and two examples of reductive
decomposition reaction of solid electrolytes will be picked-up. Finally, examples of all-solid-
state thin-film-type batteries with in-situ formed electrode active materials will be
introduced.

2. Solid Electrolytes and their decomposition reaction

2.1 Lithium-ion conducting solid electrolytes

Lithium-ion conducting solid electrolytes used for all-solid-state rechargeable lithium
batteries should provide the following electrical and physical properties in general.

1. High lithium-ion conductivity with negligible electronic conductivity at operating
temperature, preferably at room temperature.

2. Wide potential window at both positive and negative electrode sides: sufficient stability
against chemical reaction with both electrodes.

3. Environmentally benign, nonhygroscopic, low cost, and ease of preparation.

/S cm™

Lithium-ion conductors °‘°{“3°t RT) Researchers Year
@ | Lil 1x107 Ginnings and Phipps 1930
® | Li-BALO, 3x10°% Yao and Kummer 1967
@ | LigN 103 Alpen and Muller 1977
@ | Li.Zn(GeO,), (LISICON) 2 x 10 (at 323 K) Hong 1978
® | 4.9Lil-34.1Li,0-61B,04 2x 107 Malgani and Robert 1979
® | LizeGeqeVo40s 4x10% Kuwano and West 1980
@ | 0.30Li,S-0.26B,S;-0.44Lil 1.7x103 Wada et al. 1983
LiTiy(PO,), 2x10% Subramanian et al. 1986
® | 60Li,S-40SiS, 4 x10* Pradel and Ribes 1986
@ | Lis5Al5Tis (PO,)s 7 x10* Aono et al. 1989
@ | 0.02Li,PO,-0.98(Li,S-SiS,) 7.6 x10* Takada et al. 1993
@ | LigsslagssTiO; (LLT) 1x108 Inaguma et al. 1993
® | LiygPOs5 45Ny 45 (LIPON) 2x10% Bates et al. 1993
@ | 2[Li; ,Ti,Sig 4P, 01,-AIPO, 1.5x 107 Fu 1997
® | Lis05G€025P 255, (Thio-LISICON) | 2.2 x 103 Kanno and Maruyama 2001
@ | 0.7Li,S 0.3P,S; glass-ceramics 3.2x103 Mizuno et al. 2005

Table 1. Ionic conductivities of typical inorganic lithium-ion conductors.

Assuming that “solid electrolytes” are defined as lithium-ion conductors that are present in
solid state in the macroscopic view, polymer or gel electrolytes will be included in the
category. These electrolytes are excellent in terms of flexibility and ease of preparation.
However, this chapter focuses on inorganic solid electrolyte mainly including transition
metal oxides in them. Table 1 summarizes such inorganic lithium-ion conductors reported to
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date. Figure 1 shows the temperature dependence of ionic conductivities for these
conductors. Several kinds of conductors, such as Li-BALO; (Yao and Kummer, 1967) and
LisN (Rabenau, A., 1982), show high ionic conductivities (larger than 10-3 S cm-1) even at
room temperature, comparable to that of the currently used liquid or gel electrolytes in
lithium-ion batteries. However, they are not simply used as solid electrolytes for lithium
batteries because of their chemical instability. For example, LisN has a low decomposition
potential (0.445 V (vs Li/Li*)) so that its application to all-solid-state batteries is limited.
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Fig. 1. (a)Temperature dependence of ionic conductivities for typical solid state lithium-ion
conductors listed in Table 1. Dotted box in panel (a) is enlarged in panel (b).

Crystalline oxide-based inorganic solid electrolytes with higher chemical stability have been
explored since the late 1970s. The material design of crystalline oxide-based ionic
conductors is based on certain structural criteria: (i) mobile ions should have suitable sizes
for conduction pathways in the lattice and (ii) there should be disorder in the mobile ion
sublattice. Based on these considerations, solid solutions of LisGeO;-LizVO, which is
isostructural to Lij4Zn(GeOy)4 (lithium super ionic conductor; LISICON) (Hong 1978) related
to the y-LisPO, structure, were synthesized (Kuwano and West, 1980). Partial substitution of
LisGeO4 by LisVO, induced vacancies in the lithium sites, resulting in easier lithium-ion
hopping in the structure. The substituted Liz¢GeosV04O4 crystal attained ionic conductivity
of 4 x 10-> S cm-! at room temperature, which were a few orders higher than those of the
members. Another example is lithium lanthanum titanate, LisLa@/3«TiO3 (0.04 < x < 0.16)
(LLT) with ABOs-perovskite structure (Inaguma et al., 1993). LLT showed high ionic
conductivity, on the order of 10-3 S cm-!, taking advantage of favorable lithium-ion hopping
via A-sites in the perovskite structure.

Oxyacid-based solid electrolyte, typically LiM>(PO4)s (M = Ti (Subramanian et al., 1986), Fe
(Sigaryov and Terziev, 1993), ...) compounds with NASICON (sodium (Na) super ionic
conductor) structure, have been investigated progressively as solid electrolytes. Partial
substitution of tetravalent M** ions in the LiM>(PPO4)3 by pentavalent A5* ions or trivalent B3+
ions induced lithium-deficient Lii,M>xAx(POs4)s compounds or lithium-excess Lij+xMo.
«Bx(POy4)3 compounds, respectively, which effectively enhance their ionic conductivities.
Although the NASICON-based materials showed rather high ionic conductivities in the
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78 Next generation lithium ion batteries for electrical vehicles

bulk, they also exhibited large grain boundary resistances. To solve these problems, the M
ions were partially substituted by Al or Sc, which enhanced the degree of sintering and
increased the ionic conductivity at grain boundaries (Aono et al., 1989, 1990). The resultant
Li; 3Ti17Alp3(POs)s showed the highest ionic conductivity among the NASICON-based
materials, 7 x 104 S cml. Taking advantage of the high ionically conductive
Li13Ti17Alp3(PO4)s phase mentioned above, Fu synthesized LixO-ALOs3-TiO,-P>Os glass
ceramics showing ionic conductivity of 1.3 x 10-3 S cm-1 without grain boundary resistance
(Fu, 1997). He subsequently optimized the elemental composition and reported in 1997 that
2[Li1 4Ti2Si0 4P26012]-AlPO;4 glass-ceramics exhibited 1.5 x 10-3 S cm-! at room temperature.
Oxide-based glassy materials have also been well studied as lithium-ion conducting solid
electrolytes. They exhibit several advantages over crystalline electrolytes; in particular, they
can provide isotropic ionic conduction without grain boundary resistance because of their
random open framework. Development of oxide-based glassy electrolytes has been
conducted based on the following two approaches. One is based on the LiX-Li»O-M,Oy
MOy = B203, P2Os, GeO») glass system, which is an analog of lithium substitution of super
silver-ion conducting glasses, AgX-Ag,O-M,Oy, showing over 10-2 S cm-! at room
temperature. For example, Lil-Li;O-B,O3 showed ionic conductivity of 107 S cm-!
(Malugani and Robert, 1979). Another approach stems from the discovery that rapid-
quenched glasses of ferroelectric LiNbO; crystals showed high ionic conductivity of 10-5 S
cm-! (Glass et al., 1978). Based on this discovery, various kinds of oxyacid glasses have been
synthesized. These include LisSiO4-LisBOs, LiyO-5i0,-20s, and LixO-SiO,-ZrO». Lithium
phosphorus oxynitride (LiPON) glasses showed acceptable ionic conductivity (2 x 106 S cm-
1) when used for thin-film batteries (Bates et al., 1993). The LiPON glasses showed chemical
stability against lithium metal because of their structural stability, originating from the
introduction of nitrogen ions into the structure. The outstanding features of LiPON glass
electrolytes have encouraged many researchers to study all-solid-state thin-film
rechargeable lithium batteries using this solid electrolyte.

2.2 Decomposition of solid electrolyte and their lithium insertion/extraction reaction
As mentioned above, there have been many studies on the development of solid electrolytes,
and various kinds of solid electrolyte have been discovered. It should be noted that there are
many solid electrolytes containing 3d-transition metal ions: e.g., V5* in Liz 6Geo V0404 (Kuwano
and West, 1980), Ti** in Li; 3Ti1.7Alo3(PO4)3 (Aono et al., 1989), LisxLaz/3xTiO5 (LLT) (Inaguma et
al., 1993) and 2[Li; 4Ti2Sio4P26012]-AIPO4 (Fu, 1997). These solid electrolytes are intrinsically
susceptible to reductive decomposition accompanied by redox reactions of the transition metal
ions through Li* insertion into them. It should be noted that transition metal oxides, such as
CoO, FeO, NiO, etc, can work as high voltage negative electrode materials through conversion
reaction (Poizot et al., 2000). Also, TiO; is well-known lithium insertion electrode material. In
other words, when these transition metal oxides are prepared electrochemically in solid
electrolyte vir the reductive decomposition reaction of solid electrolytes, the resultant material
will work as electrode active materials. Moreover, because the decomposed material is grown
from solid electrolytes, electrode/solid electrolyte interface with good adhesion can be simply
prepared in principle. It is expected that success of such novel interface design become a
breakthrough to develop advanced all-solid state battery system with low-cost and much
smaller internal resistance. In this section, two examples of reductive decomposition of solid
electrolytes will be introduced.
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2.2.1 Li-V-Si-P-O system

An amorphous Li;O-V205-SiO; system in which Li;O and SiO; are expected to have a
function as network modifier and network former, respectively, to stabilize the amorphous
material. This system has been initially noted as a solid electrolyte in an analog of Liz3VO,-
LisSiO4 solid solution. Bulk crystals of Liz4VoeSiosOs with a y-LisPO, structure, which is
isostructural to the so-called lithium superionic conductor “LISICON” showed high ionic
conductivity of 1 x 105 S cm~! with negligible electronic conductivity at room temperature,
which has encouraged several researchers to study all-solid-state batteries using this solid
electrolyte. Thin solid electrolyte films of the Li-V-Si-O system have been reported to show
acceptable ionic conductivity as an application for all-solid-state thin-film batteries. Partially
crystallized Li-V-Si-O thin films have been prepared by r.f. magnetron sputtering (Ohtsuka
and Yamaki, 1989) and amorphous one have been by pulsed laser deposition (PLD)
(Kawamura et al., 2004). These film electrolytes have been successfully used in all-solid-state
thin-film batteries. Here we report “charge/discharge” properties of the Li-V-Si-O thin
film, aiming at utilizing redox reactions of multivalent vanadium ions. Following the
results, the feasibility of applying the Li-V-Si-O films as high-voltage negative electrode
materials is discussed (Yada et al., 2006).

Characterization of a pristine Li-V-Si-O thin solid electrolyte film.

An XRD pattern of the pristine Li-V-5i-O thin film showed no characteristic peaks other
than those originating from the substrate, indicating that no crystalline phase was confirmed
in the film. Figure 2 shows a Cole-Cole plot of an ionically blocking cell, Pt/Li-V-5i-O/Pt,
measured at 298 K. The spectrum consisted of one semicircle in the higher frequency region
followed by a nearly vertical tail, suggesting that the electrical conductivity of the film is
fairly dominated by ionic conduction. The semicircle can be assigned to the ionic conduction
in the Li-V-5i-O thin solid electrolyte film, whose characteristic frequency was ca. 10 kHz.
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Fig. 2. Cole-Cole plot of Pt/Li-V-5i-O/Pt (750 nm in thickness, 0.25 cm? in electrode area)
measured at 298 K. Open circles are data points obtained at 10n Hz, where n is denoted near

the open circles.
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The ionic conductivity of the film at 298 K was 1.3x10-7 S cm~. The electronic contribution to
the total electric conductivity was evaluated by two-electrode dc polarization technique,
indicating that the transference number of lithium ions in the film was almost unity. The
activation energy for ionic conduction in the film was 56.5 k] mol-1. These results are in
good agreement with the previous reports.

Charge/discharge properties of a Li-V-Si-O thin solid electrolyte film.

Although the prepared thin films can work well as solid electrolytes in appropriate potential
region, once the potential exceeds over the limitation of potential windows, they are
irreversible decomposed. Here, electrochemical properties of the reductively decomposed
material as an anode material and its decomposition process will be discussed below.

Figure 3(a) and (b) shows typical charge/discharge profiles of the Li-V-Si-O thin solid
electrolyte film obtained at 12.8 pA cm~2 in the 1st and 47th cycles and at 2.55 pA cm=2 in the
48th and 90th cycles, respectively. The OCV of the film electrolyte before the
charge/discharge reaction was 2.8 V. In the first discharge, the electrode potential dropped
steeply from the OCV to ca. 1.7 V, followed by an asymptotic potential decrease to 1.0 V
with a capacity of 3.8 pAh cm™2. In the first charge, however, the potential rapidly increased
and immediately reached 4.0 V, whose capacity was only 0.8 pnAh cm=2 The difference
between the discharge and charge capacities observed at the first cycle, 3.0 pAh cm=2, would
be consumed to decompose the Li-V-Si-O thin solid electrolyte film. In the subsequent
charge/discharge cycles, the difference in the discharge and charge capacities, irreversible
capacity, gradually decreased with the repetition of the charge/discharge reaction. At the
47th cycle, the irreversible capacity became very small and the reversible charge/discharge
capacity increased to 2.6 pAh cm-2. When the current density was decreased to 2.55 pA
cm2, Figure 3(b), the discharge and charge capacities increased to 20 and 13 pAh cm=2,
respectively, and the irreversible capacity was observed again. This would be attributed to
much more decomposition of the film electrolyte due to the smaller overpotential resulting
from the smaller current density. In the prolonged cycles, both the discharge and charge
capacities constantly increased and achieved 58 and 52 pAh cm=2, respectively, at the 90th
cycle. The increase in the capacities was brought by microstructural reformation of the film,
as is discussed later. Figure 4 summarizes the variation in the charge/discharge capacities of
the film as a function of the cycle number. Obvious increases in the charge/discharge
capacities were observed during the 48th-90th cycles. When the current density was
increased to 12.8 pA cm? again (91st-108th cycles), the charge/discharge capacities
maintained almost the same value, 38 nAh cm~2, which was ca. 10 times larger than that
obtained at the 1st-47th cycles. When the current density was decreased to 2.6 nA cm=2
(109th-119th cycles) again, the charge/discharge capacities did not increase further and
showed almost the same value of 60 uAh cm~2.

SEM images revealed that the Li-V-Si-O thin film became rough after the charge/discharge
measurement. This micro structural reformation would be due to stress relaxation of the
film by the repetition of lithium insertion/extraction reaction. Also, XPS analysis revealed
that mean valence of vanadium decrease, indicating that the valence change of vanadium
concerns with the redox reaction. In the pristine film, asymmetric peaks of V 2pl1/2 at
around 523 eV and V 2p3/2 at around 516 eV, which can be deconvoluted to peaks
originating from V5+ and V4+ was observed. On the other hand, the film retained at 1.0 V
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gave lower binding energies, meaning the presence of lower oxidation number (+2.5) than
the pristine film.
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Fig. 3. (a) Charge/discharge profiles of Li-V-5i-O thin film obtained at a current rate of 12.8
HA cm? in (-)1st cycle and (---)47th cycle. (b) Charge/discharge profiles of Li-V-5i-O thin
film obtained at a current rate of 2.55 pA cm=2 in (-)48th cycle and (---)90th cycle.
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Fig. 4. (@)Charge and (O)discharge capacities as a function of cycle number for Li-V-Si-O
thin film obtained at current rates of 12.8 pA cm2 and 2.55 pA cm2. Cutoff voltages are 1.0
and 4.0 V (vs. Li/Li+).

www.intechopen.com



82 Next generation lithium ion batteries for electrical vehicles

Depth from surface /nm
0 200 400 600 800

5.0
I ! V™t in pristine film
45 ]
>
£ 40 i
[
35| A
3 Li-V-Si-O film | Pt |
3.0 ‘. N N N 1 N N N N 1 N N N N 1 V. T N N
0 50 100 150 200

Sputtering time / min

Fig. 5. Depth profile of average oxidation state of vanadium-ions in partially decomposed
Li-V-Si-O thin film.

In order to investigate this decomposition process of the Li-V-Si-O thin solid electrolyte
film, XPS analysis was conducted to a partially decomposed Li-V-Si-O thin film, which was
prepared by applying current of 2.55 nA cm? reductively until the electrode potential
reached 1.0 V. The depth profile of average oxidation numbers of vanadium ions is
summarized in Figure 5. The V 2p binding energies maintained their initial state until the
middle of the thin film; the average oxidation number of vanadium ions kept the initial
state. However, they gradually shifted to the lower energy levels as ion milling time
increased, indicating that the average oxidation number of vanadium ions gradually
decreased toward the depth direction. These results indicate that the decomposition of the
Li-V-Si-O thin solid electrolyte film started from the current collector side. Because
charge/discharge reaction was available for the partially decomposed film as well, the part
in the vicinity of the current collector performed as an electrode material. This result
indicates that both an electrode material and a solid electrolyte coexisted in the partially
decomposed Li-V-5i-O thin film.

36
3.4]

E/Vvs. Li/Li"

: : . . ‘ : . : :
0 50000 100000 150000 200000
Current flow time (s)

Fig. 6. Charge-discharge curves of Cu/OHARA sheet in 1 mol dm3 LiClO, dissolved in
propylene carbonate between 3.5 and 1.5 V. I =1.0 pA.

www.intechopen.com



A novel all-solid-state thin-film-type lithium-ion
battery with in-situ prepared electrode active materials 83

2.2.2 Li-Al-Si-Ti-O system

As with the case of Li-V-5i-O system, crystalline-glass electrolyte (Li-Al-Si-Ti-O system) also
shows interesting reductive decomposition reaction. The glass electrolyte sheet with 150 pm
in thickness obtains 1x104 S cm? in its Li* conductivity at room temperature, and its
activation energy for the Li* conduction in the bulk is 30 k] mol!, which was manufactured
by Ohara Inc. Electrochemical lithium insertion/extraction reaction of the OHARA sheet
was investigated using a three-electrode cell. Working electrode was the Cu film deposited
on one side of the OHARA sheet. Opposite side of the OHARA sheet was bare. The counter
and reference electrodes were lithium metal. The liquid electrolyte, propylene carbonate
(PC) containing 1 mol dm3 LiClO,, was filled only into bare side of the OHARA sheet.
Electrochemical lithium insertion/extraction reaction of the OHARA sheet was carried out
at a constant current of 2.5 pA cm? in an argon-filled glove box.

Figure 6 shows charge-discharge curve of the “OHARA sheet”. The charging process
(lithium insertion reaction) at first cycle starts at 2.2 V (vs. Li/Li*). This potential generally
considers as reductive-side potential window of the OHARA sheet. After that, the potential
gradually decreased with increasing current flow time from 2.2 to 1.6 V. In the discharge
process (lithium extraction reaction) at first cycle, potential plateau was clearly observed at
2.3 V. This discharge capacity was smaller than that of the charging capacity, indicating that
the charge-discharge reaction at first cycle is not reversible reaction but includes some
irreversible reactions. This irreversible reaction will be responsible for decomposition
reaction of the OHARA sheet, and the resultant decomposition material becomes an
insertion electrode material operating at 2.3 V vs. Li/Li*. The charge-discharge capacities
were preserved after the second cycles.

The pristine OHARA sheet is white color. The OHARA sheet after the charge-discharge
reaction maintained its initial color at the organic electrolyte side while the current collector
(Cu) side became dark blue. This dark blue region never returned to its pristine white color
even after maintaining its open circuit voltage. This indicates that the dark blue region was
irreversibly formed in the OHARA sheet only around Cu current collector. It will be
reasonable to expect that this dark blue region is the decomposition material formed at the
first charging process and that this region can act as the electrode material. XPS analysis
showed that reduced Ti peak was observed at the blue colored region, and this Ti will work
as the redox species in the in-situ formed electrode material.

Both Li-V-Si-P-O glass electrolyte and Li-Al-Si-Ti-O crystalline glass sheet start gradual
reductive decomposition reaction from current collector side. This decomposition process is
not universal phenomena in solid electrolytes and seems to strongly depend on the species
of solid electrolytes.

3. Thin-film type batteries with in-situ formed materials

As mentioned above, reductively decomposed material of solid electrolyte works as lithium
insertion material. Here, manufacturing examples using in-situ formed material in all-solid-
state battery system on one side (Iriyama et al., 2006) or both sides (Yada et al., 2009) will be
shown below, where OHARA sheet was mainly used as a model solid electrolyte.

www.intechopen.com



84 Next generation lithium ion batteries for electrical vehicles

3.1 Battery with in-situ formed electrode material on one side

Amorphous lithium manganese oxide thin film was deposited to one side of the sheet by
pulsed laser deposition at room temperature. After that, metal film of Pt was deposited on it
as a current collector by r.f. magnetron sputtering. Subsequently, metal film of Cu was
deposited on the opposite side as a current collector by the sputtering, and a layer of
Cu/OHARA sheet/amorphous Li-Mn-O/Pt was fabricated. Voltage of the resultant layer
was 0 V. A D.C. 400 V was applied to the resultant layer for a few seconds at room
temperature, where Cu side was connected to cathode and Pt side to anode. After the high
voltage application, voltage of the layer gradually decreased with time and, finally, it
stabilized at 1.7 V. Charge-discharge reaction of the resultant ““all-solid-state thin-film-type
lithium-ion battery” was conducted by 1 pA cm? between 2.2 and 1.0 V at room
temperature. Figure 7(a) shows a plausible fabrication scheme of this battery.

Current collector {P1)

Amorphous Li-Mn-C

Solid Electrolyte
(OHARA sheet)

Posstnall |0

Current collector (Cu)

0z [ —— 181 change-dacharge prafile 1= 1 34 |
T e AR LS P P oy gl A | S
5 G 200 400 600 800 1000 TR0 400 1600 1800
(a) High-Voltage (b) Cusrrant flow time (8]
‘ Evalution of l'l-: gas
" N )
Current collecior (Pi)
Partially delithiated Amorphouns Li-Mo-C | Bl 1
2 ‘ > 1
= 1z
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in=situ Tormed Negative electrode material Lo
Current collector (Cu) » o 2000 4000 s000 a000
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Fig. 7. (a)A plausible fabrication scheme for all-solid-state rechargeable lithium-ion battery
(Cu/OHARA sheet/amorphous Li-Mn-O/Pt) developed by applying D.C. high voltage.
Charge-discharge curves of the above battery developed by applying D.C. high voltage: (b)
charge-discharge curve at first cycle and (b) sequential charge-discharge curves. I = 1.0 pA.

Figures 7(b) and 7(c) show charge-discharge cycles of the resultant all-solid-state thin-film-
type lithium-ion battery between 1.0 and 2.2 V. As shown in Fig. 7(b), this battery obtained
charge-discharge reaction at around 1.4 V. The irreversible capacity at first cycle was small,
and the battery could repeat stable charge-discharge reaction as shown in Fig. 7(c). The
charge-discharge reaction of OHARA sheet proceeds at 2.3 V vs. Li/Li* as shown in Fig. 6.
On the other hand, electrochemical lithium insertion/extraction reaction of amorphous Li-
Mn-O occurs at around 3.7 V (Yokoyama et al., 2003). Hence, operating voltage of the
resultant battery will be due to the difference of redox potential of these two electrodes.

Cross-sectional SEM image revealed interesting structural change. Figures 8(a) and 8(b)
illustrate the cross-sectional SEM images at the amorphous Li-Mn-O/OHARA sheet
interface before and after applying the high voltage, respectively. As shown in Fig. 8(a), the
as-deposited amorphous Li-Mn-O film electrode was composed of fine particles and these
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particles mounted densely on the OHARA sheet. Once the high voltage was applied on the
layer, some of cavities were clearly formed at around the amorphous Li-Mn-O/OHARA
sheet interface as shown in Fig. 8(b). The cavities seemed to be formed mainly in the
amorphous Li-Mn-O film electrode. In addition, the amorphous Li-Mn-O thin film became
smooth after applying the high voltage, which may be due to resistive heat generated by
applying the high voltage. Figs. 8(c) and 8(d) show the cross-sectional SEM images at the
Cu/OHARA sheet interface, respectively. In comparison with the OHARA
sheet/amorphous Li-Mn-O interface, the Cu/OHARA sheet interface did not show clear
differences before and after applying the high voltage.

As mentioned above, all-solid-state thin-film-type lithiumion battery with in situ formed
negative electrode material can be prepared by applying a D.C. high voltage to a
Cu/OHARA sheet/amorphous Li-Mn-O/Pt layer. The OHARA sheet around the Cu
current collector decomposed irreversibly by application of the high voltage, resulting in
negative electrode material in situ formed at Cu/OHARA sheet interface. This negative
electrode material obtained reversible charge-discharge capacity in the potential window of
the original OHARA sheet. Also, at positive electrode side, oxidation reaction of oxygen ions
will occur around the electrode/solid electrolyte interface in addition to the lithium
extraction from amorphous Li-Mn-O. It is suggested that oxidation current due to the
oxidation reaction of oxygen ions compensated reduction current required to form the
negative electrode material. The resultant all-solid state thin-film-type lithium-ion battery
operated at 1.4 V, repeated stable charge-discharge reaction, and obtained reversible
charge-discharge capacity from the initial charge-discharge cycle.

e —

B Amorphous
Li-Mn-O

OHARA
sheet

WD11. 4mm 5.00kV x4.0k  10um (d) . D10. B 4.0k 10um

Fig. 8. Cross-sectional SEM images of amorphous Li-Mn-O/OHARA sheet interface: (a)
before and (b) after applying D.C. high voltage. Cross-sectional SEM images of OHARA
sheet/Cu interface: (c) before and (d) after applying D.C. high voltage.
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In-situ preparation of positive electrode material has been investigated using LiPON films
(Iriyama et al, 2008). In this case, electrochemical oxidation of iron and the iron ions
diffusion into LiPON film was used to fabricate in-situ formed iron phosphate amorphous
electrode. Although the interfacial resistance at the resultant in-situ formed
electrode/LiPON interface became smaller than that at the amorphous lithium iron-
phosphate/LiPON interface where the film electrode was deposited on LiPON film by PLD,
the resultant batter obtained quite small capacity. This is probably because of the difficulty
of iron ions diffusion into internal region of LiPON film.

3.2 Battery with in-situ formed electrode materials on both sides

In the previous system, electrode material on one side was prepared by in-situ process. In
case of negative electrode side, the electrode active material was reductively decomposed
material from the solid electrolyte (OHARA sheet) and formed only around the Cu current
collector. However, only one electrode active material was prepared. Preparation of both
electrodes by in-situ process would simplify the fabrication process markedly. In this paper,
a novel all-solid-state battery with in-situ formed electrodes on both sides.
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Fig. 9. (a) Charge-discharge profiles of an all-solid-state Cu/OHARA sheet/Mn battery
(electrode area: 0.15 cm?, thickness: 0.03 cm). I = 0.33 pA cm2. Cycle numbers are denoted at
the end of the charge-discharge curves. (b) Cole-Cole plots of the Cu/OHARA sheet/Mn
battery. Magnified image of high frequency region in (b) (surrounded by dotted square) is
shown in (c). Open symbols are data points obtained at 10» Hz, where n is denoted near the
open symbols.

A layer of Cu metal film/OHARA sheet/Mn metal film shown in Fig. 9 was fabricated in
the following manner. Thin-film of Cu (thickness: 0.5 um, area: 0.15 cm?) was deposited on
one side of the OHARA sheet by r.f. magnetron sputtering method with r.f. power of 40W
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under argon atmosphere (1.5 Pa). After that, Mn thin-film (thickness: 1.5 pm, area: 0.15 cm?)
was deposited on the other side of the OHARA sheet by vacuum evaporation. D.c. 16 V was
applied to the resultant Cu/OHARA sheet/Mn layer for 10 h at 353 K in air, where the Cu
side was connected to cathode and the Mn side to anode. This high voltage application
made the layer to a Cu/ OHARA sheet/Mn battery. A plausible battery preparation scheme
is shown in Fig. 9(a). Hereafter, as-prepared Cu/OHARA sheet/Mn layer and the resultant
Cu/OHARA sheet/Mn battery are referred to as COM layer and COM battery, respectively.
Figure 9(b) shows the charge-discharge profiles of the COM battery between 0.3 V and 2.0
V. A clear charge-discharge capacity was observed at 0.3-0.8 V, while the COM layer did
not have any capacity in this voltage range. The irreversible capacity was ca. 0.25 pAh cm?2
at the initial cycle and decreased with repetition of the charge-discharge reactions. A stable,
reversible capacity of 0.45 pAh cm2 was observed at the fifth cycles. Figs. 9(c) and 9(d) show
Cole-Cole plots of the COM battery measured at 0.3 and 0.5 V. Cole-Cole plot of the COM
layer is also displayed in these figures for comparison. The Cole-Cole plot of the COM layer
consisted of a nearly vertical line to the real axis with a resistive component (20 Q2 cm?) in the
high frequency region. The resistive component was assigned to the resistance of the
OHARA sheet. This result indicates that both the Cu and Mn metal films performed as
ionically blocking electrodes. On the other hand, Cole-Cole plots of the COM battery
showed a depressed semicircular arc in the middle frequency region (10 Hz < f <100 kHz)
together with a slope of nearly 45° to the real axis in the low frequency region (f <10 Hz).

The diameter of this semicircular arc depended on the cell voltage, suggesting that this
semicircular arc contains charge transfer resistances at the in situ prepared electrodes/solid
electrolyte interface. The slope of nearly 45° observed at lower frequency region would
correspond to Warburg impedance in the in situ prepared electrode materials. This result
supports that the electrode active materials are prepared at both sides just by applying d.c.
high voltage to COM layer. As shown in Fig. 9(a), the in-situ prepared negative electrode
material will be a partially decomposed OHARA sheet around the Cu current corrector as
discussed in previous section. In this preparation process, excess Li* is required to
decompose the OHARA sheet irreversibly for the fabrication of the negative electrode
material. The Li* source for the reductive decomposition is restricted to the OHARA sheet
itself. Therefore, to promote Li* migration in the OHARA sheet to the Cu side so that Li* is
consumed in the irreversible preparation of the negative electrode material, charge
compensation is necessary at the positive electrode side in the OHARA sheet. One of the
most significant reactions would be the release of oxygen ions from the OHARA sheet at the
positive electrode side. If the released oxygen ions react with the Mn film at the OHARA
sheet/Mn interface, formation of a manganese oxide will be expected. Once the dense MnO,
phase is formed at the interface, it is speculated that counter diffusion of both manganese
ions and oxide ions in the MnO, will grow the phase. Such diffusion will not proceed so fast,
which will be one of the reasons for the small quantity of the resultant MnO, phase. The
lithium insertion/extraction reaction to the MnO; occurs at ca. 3 V (Thackeray, 1997) and the
half cell test also revealed that lithium insertion/extraction reaction at OHARA sheet/Mn
film of the COM battery operated at ca. 3.0 V. On the other hand, lithium
insertion/extraction reaction to the decomposed OHARA sheet occurs at ca. 2.3 V.
Difference of this lithium insertion/extraction potential in these two electrodes will be
reasonably agreement with the cell voltage shown in Fig. 9(b). Although oxygen ions in the
OHARA sheet will interact strongly with phosphorus to form POy, free energy change for
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the oxidation reaction of Mn has a relatively large negative value (Kubaschewski, 1978),
which can promote the release of oxygen ions. XRD showed that Mn layer in the COM
battery was mainly Mn metal and could not detect such manganese oxide phase, but this
will be probably because of its small quantity. Another possibility that should be considered
will be an oxidation of Mn and formation of a manganese phosphate phase due to the
migration of Mn2* into the OHARA sheet. The crystalline part of the OHARA sheet is
mainly the composition of LiTi»(POs)3, where lithium locate at M1 site in the structure. Aatiq
et al. have pointed out that Mn2?* can occupy the M1 site, resulting in the formation of
(Mno5)M1Ti2(POy)3 phase (Artiq et al., 2001, 2002). They have reported that lithium insertion
into the M1 site of LiyMng5Ti2(PO4)3 phase leads to a potential plateau in the vicinity of 2.9 V
(Li/Li*) at 0 < x < 0.5, following to the insertion into the M2 site around 2.2-2.5 V (Li/Li*).
When the lithium content of M1 sites around Mn film decrease due to the migration of Li*
into Cu film side, a part of Mn2* migration into the M1 sites for the charge compensation
may be considerable. However, the lithium insertion process at 2.9 V region was not
observed in half cell test. Hence, we consider that this charge-discharge capacity will not
contribute so much to the capacity observed in Fig. 9(b).

Voltage I V

| | 12345
0 01 02 03 04 05
Q/ . Ah cm’?
Fig. 10. Charge-discharge profiles of a five-series of all-solid-state Cu/OHARA sheet/Mn

battery (electrode area: 0.15 cm?, thickness: 0.15 cm) measured at 353 K. I = 0.33 pA cm2.
Cycle numbers are denoted at the end of the charge-discharge curves.

One of the problems of the proposed COM battery is its low usable voltage (0.3-0.8 V),
which is too small for practical applications. To overcome this problem, a d.c. 16 V was
applied to a series of five COM layers. Charge-discharge profiles of the resultant fiveseries
COM batteries are shown in Fig. 10. The battery had charge-discharge reactions of 1.5-4.0 V,
which was five times larger voltage than that of the single battery. This result indicate that
COM batteries with high voltages can be easily fabricated by stacking many layers serially
and applying appropriate d.c. high voltage to promote the in situ fabrication of electrode
active materials at the positive and negative sides. The energy density per unit cell can be
simply increased by reducing the thickness of solid electrolyte. Our calculation indicates
that a cell made with an OHARA sheet (5.0 pm in thickness) has an energy density of ca. 0.1
Wh kg1, which is nearly equivalent to that of the popular electrolytic capacitor. It is true that
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the capacity of the COM battery is also small, but this will be improved by increasing the
interface region, for example using three-dimensional porous solid electrolyte with high
surface area (Kanamura et al., 2005).

4. Conclusion

In this chapter, new kinds of all-solid-state Li-ion battery with in-situ formed electrode
material were introduced. Generally, decomposition reaction of solid electrolytes has
considered as a limitation of voltage, the resultant decomposed material sometimes work as
in-situ formed electrode materials. In addition, when the decomposed materials grow
uniformly from the current collector, solid electrolyte/electrode interface can be formed by
in-situ process that can be used in all-solid-state batteries. Because the large resistance at the
electrode/solid electrolyte interface is a crucial problem to develop high power all-solid-
state lithium-ion batteries, this novel fabrication process may become an effective method to
reduce the interfacial resistance. However, in the current stage, this proposed battery does
not obtain sufficient electrochemical properties, typically, on capacity, reaction rate, and
voltage. To overcome these problems, mechanism of decomposition reaction of solid
electrolytes and their characterization should be fundamentally clarified, which are
currently investigated.
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