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a b s t r a c t

Even though the use of solid-state electrolytes for all-solid-state lithium battery applications has been a
topic of great interest, an optimal material for this purpose has not been found. On the basis of the fact
that ionic liquids are solidified at oxide particle surfaces and become quasi-solid materials, we previously
fabricated a new lithium-ion-conducting solid electrolyte material comprising silica nano-particles and
an ionic liquid that exhibited high ion conductivity comparable to the bulk ionic liquid. In the current
study, this electrolyte was applied in the fabrication of an all-solid-state lithium secondary battery cell, by
using three-dimensional structural cathode mixing the solid electrolyte and a cathode material (LiCoO2).
The most important feature of the newly developed cell is that it was fabricated using thick films. There
are no prior reports of all-solid-state secondary batteries employing thick films that exhibit high capacity.
ilica
onic liquid

In this design, all of the cathode active materials could make contact with the electrolyte and the electron-
conducting material despite the all-solid-state nature of the device. As a result, we have succeeded in
the fabrication of an all-solid-state lithium secondary battery exhibiting high capacity of 126 mAh g−1,
nearly equal to theoretical capacity 138 mAh g−1, despite the use of a micrometer order thick-film device.
This study paves the way for the application of a new approach to the all-solid-state lithium secondary
battery design.
. Introduction

Lithium secondary batteries are promising energy devices for
arge-scale application in electric vehicles and load leveling [1,2].
ypical lithium ion secondary batteries are constructed with an
node (graphite), a cathode (LiCoO2, LiFePO4), and an organic liq-
id electrolyte. However, in recent years, the all-solid-state lithium
econdary battery that employs the lithium metal as the anode
nd a solid electrolyte has been considered to be more stable
nd possesses a high potential for large-scale industrial appli-
ations such as in electric vehicles or other renewable energy
ystems because a lithium metal anode has high theoretical capac-
ty (3860 mAh g−1) compared with a graphite anode (372 mAh g−1).
owever, the preparation of a solid electrolyte combining the
roperties of high ion conductivity and resistance for lithium

otential reduction is a challenging task. Although several solid-
tate polymer electrolytes, such as polyethylene oxide [3,4], and
norganic solid electrolyte [5,6], have been investigated for device
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application, there are still some problems remaining, the stability
for lithium metal and low ion conductivity [4,5]. The development
of solid-state ion-conducting materials opens up a wider choice
of functional materials for lithium secondary battery design and
improved performances.

Ionic liquids (ILs) are liquid-state organic salts. ILs have gar-
nered active interest because of their superior properties, such
as flame resistance, very low vapor pressure, and high ion con-
ductivity [7,8]. On the basis of these properties, ILs have been
explored as new electrolytes for use in the lithium battery [9–11].
Recently, an IL stabilized on an oxide particle surfaces was reported
[12–15]. This composite and other such materials have come
under the spotlight as a new type of solid-state electrolyte owing
to the high ion conductivity, comparable to the bulk IL, exhib-
ited by these materials despite their quasi-solid state. Previously,
we reported the solidification of several ILs on oxide particles
[16,17], along with the ion-transport properties of the compos-
ite materials comprising oxide and the lithium ion conducting IL,
lithium bis(trifluoromethanesulfonyl) amide (Li-TFSA) dissolved 1-
ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) amide
(EMI-TFSA) [18]. This electrolyte comprises oxide particles coated

by a layer of IL, and the ion species conduct along this IL layer
(Fig. 1). This series of studies showed that the quasi-solidified com-
posite materials had ion conductivities that were sufficiently high
for application as solid electrolytes. In this study, we fabricated an
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75 vol% Li-IL/fumed silica composite electrolyte pellet sandwiched
by stainless (SUS) electrodes and Li electrodes. With the SUS elec-
trodes, the blocking interface resistance was produced. On the other
hand, a semi-circular shape was observed when the SUS electrodes
ig. 1. Conceptual diagram of nano-scale oxide particles (clear-cut inner circles)
nd ionic liquid (vaguely-outlined outer circles) composite material. Dashed line
epresents a lithium-ion conduction path.

ll-solid-state lithium secondary battery cell using the previously
eveloped composite solid electrolyte comprising silica nano-
articles and the IL (EMI-TFSA) and evaluated the charge–discharge
erformance of the fabricated battery.

. Experimental

.1. Material synthesis

The IL, EMI-TFSA, was purchased from Kanto Kagaku. Li-TFSA
owder was purchased by Kishida Kagaku. Fumed silica, Li metal for
he anode, and LiCoO2 for the cathode were purchased from Aldrich.
cetylene black (AB, Denka FX35), used as the electron-conducting
aterial, was kindly provided by DENKA. Polyterafluoroethylene

PTFE, PTFE 6-J) was kindly provided by Du-pont Mitsui Fluoro-
hemicals. Li-TFSA was dissolved in EMI-TFSA at a 1 mol L−1 Li+

oncentration (1 M Li+ EMI-TFSA, hereafter referred to as Li-IL).
he solid electrolyte was prepared according to our previously
eported method [19]. In this study, we prepared the solid elec-
rolyte containing 75 vol% of Li-IL, and the solid electrolyte was
ressed into pellets with diameters of 5.0 mm and 0.5 mm height
t a pressure 20 MPa. Furthermore, these solid electrolyte pellets
ere degassed under vacuum at 70 ◦C to optimize the Li-IL vol-
me ratio. The cathode composite material comprised a mixture of
iCoO2 as an active material, acetylene black (AB) as an electron-
onducting material, and PTFE as a binder, with a LiCoO2:AB:PTFE
eight ratio of 75:20:5. The cathode thus fabricated is hereafter

eferred to as “a standard cathode” and the mixture composed of
he standard cathode and 40 vol% of Li-IL is referred to as “a mixed
athode”. Furthermore, the mixture comprising the mixed cathode
nd equivalent amount of the 75 vol% of solid electrolyte powder is
ermed “a three-dimensional (3D) cathode”. In the 3D cathode case,
he weight ratio of LiCoO2 was 28.5 wt%. Pellets of each cathode

aterial, having 5.0 mm diameter and 0.1 mm thickness, were fab-

icated by mixing the materials in a mortar and punching. The coin
ype two-terminal cell stacked with the cathode material, the solid
lectrolyte, and Li metal anode was sealed in an argon atmosphere
love box.
rces 208 (2012) 271–275

2.2. Electrochemical measurement

Charge–discharge measurements of the fabricated all-solid-
state secondary battery were performed at 65 ◦C and a rate of
1/10 C over a voltage range of 3.4–4.2 V using a Hokuto Denko HJ
1001SD8 battery test system. The conductivity of the solid elec-
trolyte bulk and the interface between the electrolyte and active
materials was measured over a frequency range of 2 × 106 Hz to
0.1 Hz ac impedance using a set of electroanalytical systems con-
sisting of an electrochemical interface (SI1287, Solatron Analytical)
and impedance/gain phase analyzer (SI1260, Solatron Analytical).

2.3. Elemental measurement

Surface morphologies and elemental analysis of the cathode
materials were carried out using a scanning electron microscopy
(SEM, HITACHI S-4000, 15 kV) and a energy dispersive X-ray spec-
troscopy (EDX, OXFORD) system, respectively. S and Co elements
corresponding to the IL (the TFSA of solid electrolyte), and LiCoO2
respectively, were analyzed.

3. Results and discussion

A photograph of the solid electrolyte pellet after vacuum
degassing is shown in Fig. 2. The pellets had a water-like transpar-
ent appearance reflective of the high Li-IL volume ratio. The Li-IL
volume ratio of the degassed pellet used as the solid electrolyte
could be deduced to be between 75 vol% and 90 vol% on the basis of
the fact that at 90 vol% volume ratio, the pellet assumes a gel state,
as shown in our previous report [19].

In our previous study, we found that the composite mate-
rials show high ion conductivity. The ion conductivity of
the solid electrolyte at a 75 vol% of Li-IL volume ratio was
3.2 × 10−4–4.4 × 10−3 S cm−1 at 287–348 K [19]. This conductivity
was sufficiently high for application as solid electrolytes. However,
the composite material must show lithium ion conductivity for
application in an all-solid-state lithium secondary battery. Fig. 3
shows the results of ac impedance measurements for the solid
Fig. 2. Photograph of vacuum degassed solid-state electrolyte pellet.
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because the size of solid electrolyte was of the nanometer order.
In the standard cathode case, only LiCoO2 particles at the interface

F
i

ig. 3. Cole–Cole plot of ac impedance measurement for 75 vol% Li-IL/fumed silica
omposite electrolyte sandwiched by (a) SUS electrodes and (b) Li electrodes.

ere replaced with Li electrodes. These results indicated that the
ithium ion was one of the carrier species in the composite pellet,
nd thus, this composite material could be applied as the solid-state
lectrolyte of an all-solid-state lithium battery.

Fig. 4 shows the all-solid-state lithium secondary battery
ell structure constructed using the 3D cathode. The quasi-solid
tate was maintained in the cathode pellet and the solid elec-
rolyte even though they both contained the Li-IL. The thick-film
tructure (3D cathode: 0.1 mm and solid electrolyte: 0.5 mm)
s a quite unique characteristic of the fabricated device. The
harge–discharge process for the all-solid-state battery cell con-
tructed using the standard cathode and the mixed cathode was
lmost instantaneous and the capacity was almost zero. On the
ther hand, the charge–discharge measurement of the all-solid-
tate battery cell using the 3D cathode showed a typical curve
Fig. 5) and the capacity values at the first, second and fifth
ischarge were 126 mAh g−1, 124 mAh g−1 and 122 mAh g−1 for
iCoO2. Generally, the charge–discharge plateau of the Li anode
nd the LiCoO2 cathode system appears between 3.8 V and 4.0 V
20]. The charge–discharge plateau of the device fabricated herein
lso appeared in this region. Therefore, this result indicates that the
ewly developed hybrid composite material may be suitable as an
lectrolyte for the lithium secondary battery system. We did not
iscuss the cycle property in this report. The cycle decay of sec-
ndary battery cell consists of Li metal anode, LiCoO2 cathode and
MI-TFSA liquid electrolyte was reported by Sakaebe et al. [9,21].
he cathodic limit of EMI-TFSA was positive against Li/Li+ poten-

ial. They concluded that the cathodic instability of EMI-TFSA was
he reason for cycle decay. Charge–discharge measurement of our
ll-solid secondary battery cell showed the significant cycle decay

ig. 4. (a) Device structure of all-solid-state lithium secondary battery fabricated coin ce
ncluding lithium metal anode).
rces 208 (2012) 271–275 273

above 8th cycle (figure not shown here). In addition, silica is not
stable against Li in general. Therefore, it is possible that the chemi-
cal reaction with silica influences the capacity decay. Investigation
into the cause of cycle decay and improvement of cycle property is
future task for us.

The theoretical capacity of the LiCoO2 cathode is known to
be 138 mAh g−1. The all-solid-state lithium secondary battery cell
using the solid electrolyte and the 3D cathode reported herein
almost equal to this theoretical capacity of LiCoO2, as shown in
Fig. 5. Some secondary battery cells using IL for liquid electrolyte
showed high capacity [21,22]. In our previous work, the secondary
battery cells using Li-IL for liquid electrolyte showed high capacity,
60 mAh g−1 (not shown here). However, there is no report about
the all-solid-state “thick-film” secondary battery cell showing high
capacity. All-solid-state “thin-film” lithium secondary batteries
have demonstrated high capacity. In the thin-film device, a lithium
ion can reach all of the LiCoO2 because the micrometer order sized
thickness of the cathode film is sufficiently thin for diffusion of
the lithium ion. However, lithium-ion diffusion is limited when the
thick, bulk-sized cathode is applied to a realistic battery device
because the thickness of the cathode is typically in an order of
few-tens micrometer scale. Our result is the first report of an all-
solid-state lithium secondary battery device employing a thick-film
cathode, which exhibits the theoretical capacity. The battery cells
with the standard cathode or the mixed cathode showed a capac-
ity almost zero. This result indicates that such a 3D cathode system
does not work well in the absence of the fumed silica. Why did only
the battery cell using the 3D cathode show high capacity?

The nanoparticulate, powdered nature of this newly developed
solid electrolyte offers the advantage of facile preparation of a
3D cathode by mixing cathode active materials. Fig. 6 shows SEM
images and EDX mapping of the standard cathode and the 3D cath-
ode surfaces. Some particles including LiCoO2 were observed on
the standard cathode surface. The electron-conductor, AB, and the
PTFE binder were filled in gaps between the LiCoO2 particles. On
the other hand, observation of the 3D cathode surface showed that
the materials containing S were filled in gaps between the LiCoO2
particles other than AB and PTFE. S is from the IL (TFSA) of the
solid electrolyte. Fig. 6(d) shows that the solid electrolyte was filled
in gaps between the LiCoO2 particles, and made contact with the
LiCoO2 particles by face contact, and not point contact. Lithium-ion
transfer between solid electrolytes and LiCoO2 generally occurs at
a point contact interface and its efficiency is very low if the size
of the solid electrolyte is comparable to that of LiCoO2 (microme-
ter order). In the 3D cathode case, however, lithium-ion transfer
occurred at a face contact interface and its efficiency was high
could make contact with the solid electrolyte owing to the absence
of the solid electrolyte in the cathode film.

ll and (b) the photograph of the coin cell, a solid electrolyte and a 3D cathode (not
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ig. 5. The first to fifth charge–discharge profiles of all-solid-state secondary lithium
attery using the 3D cathode. Charge–discharge measurement was performed at
5 ◦C and 1/10 C rate. Cut off voltage was from 3.4 V to 4.2 V.
Comparison of the EDX results of the standard cathode and the
D cathode shows that the 3D cathode device has an advantage
onferred by the homogeneous distribution of the solid electrolyte
s demonstrated in Fig. 7. In practice, only LiCoO2 particles that can

Fig. 6. SEM images of (a) the standard cathode and (b) the 3D cathode. EDX mappi

ig. 7. Conceptual diagram of (a) the interface between the standard cathode and the solid
lectrolyte.
rces 208 (2012) 271–275

access both AB and the solid electrolyte are able to insert and release
lithium ions in the interlayer. A liquid electrolyte readily meets this
requirement because the electrolyte can penetrate between the
cathode active materials. However, the solid electrolyte could not
penetrate between the cathode active materials because of its solid
nature. This is an important limitation to solid electrolyte applica-
tion. In the standard cathode, only LiCoO2 particles at the interface
with the solid electrolyte could make contact with the solid elec-
trolyte and the AB. Therefore, most of the LiCoO2 were not activated.
On the other hand, almost all of the LiCoO2 in the 3D cathode con-
tacted the solid electrolyte as shown in the EDX results. Therefore,
almost all of the LiCoO2 were activated, and the battery cell using
the 3D cathode showed high capacity. And the result of the battery
cell using the mixed cathode showed that LiCoO2 particles could
be activated only by contacting with the solid electrolyte and AB.
Contact with the Li-IL and AB is not enough for LiCoO2 activation.

Although it was expected that the mixed cathode was enough
for 3-dimensional network formation in cathode pellet, the result
was different. We predict that this difference is from wettability

between Li-IL and other cathode materials (LiCoO2 or AB). It was
observed that the standard cathode pellet repelled a drop of Li-IL.
This result indicates the low wettability between Li-IL and other
cathode materials. As the result, the 3-dimensional structure with

ng of (c) Co in the standard cathode, (d) Co and S on the 3D cathode surfaces.

-state electrolyte, and (b) the interface between the 3D cathode and the solid-state



er Sou

L
o
m
fi
o
c

4

n
r
f
fi
F
c
c
d
s
o

A

t

R

[

[

[

[

[

[

[
[
[

[

S. Ito et al. / Journal of Pow

i-IL and LiCoO2 could not be formed in the mixed cathode. On the
ther hand, in the case of the 3D cathode, Li-IL and other cathode
aterials were mixed without repelling. This is because the solidi-

ed Li-IL widely dispersed in the cathode materials independently
f wettability by silica nano-particle help. As the result, only the 3D
athode device showed theoretical capacity.

. Conclusion

An all-solid-state secondary battery cell was fabricated using a
ew solid electrolyte that was previously developed by the cur-
ent authors [19], and the charge–discharge performance of the
abricated battery was assessed. The battery performance con-
rmed that the solid electrolyte acts as a high-grade electrolyte.
urthermore, all-solid-state “thick-film” lithium secondary battery
ell showing the theoretical capacity was successfully fabricated,
ombining the solid electrolyte and a 3D cathode. This study
emonstrates one possibility for the application of the all-solid-
tate battery cell and the importance of the structural arrangement
f the cell.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jpowsour.2012.02.049.
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