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Abstract

We have previously indicated that the improvement of the interface degradation between a positive electrode and an ethylene oxide-based
solid polymer electrolyte (SPE) is an important problem requiring a solution for all-solid-state lithium secondary batteries. Therefore, Li3PO4

thin-film on LiCoO2 powder was prepared by the spray coating technique. The observed Li3PO4 film was so thin (approximately 20 nm
thick) that its contribution to the increase in interfacial resistance was small. However, it played the role of an oxidation barrier for the SPE.
A [Li 3PO4-coated LiCoO2|SPE|Li] cell exhibited reversibility up to 4.6 V with a 200 mAh g−1 discharge capacity. The energy density of
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60 mWh g−1 is one of the highest values obtained for all-solid-state lithium secondary batteries.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The conventional lithium-ion cell is widely used in
ortable electric devices and is now being investigated

or high-power applications such as hybrid-type electric
ehicles (HEVs). On the other hand, a large-scale battery
ystem is required for use with stationary-type dispersed
ower sources such as polymer electrolyte fuel cell (PEFC)
nd photovoltaic (PV) systems. In such systems, extremely
igh-power is not required, but larger capacities are in
emand. A solvent-free polymer lithium secondary battery

s suitable for use as a stationary-use large-scale battery
rom the viewpoint of ultimate safety. However, combining a
igh-voltage positive electrode with the polymer electrolyte

s difficult because the oxidation resistivity of the ethylene
xide units is poor, and therefore, the charge cutoff voltage

imit of the polymer-type cell was only approximately 4 V
ersus Li+/Li [1]. On the other hand, the application of high-
oltage (>4.5 V) electrodes has recently been reported[2,3],
nd this is expected to lead to the improvement of energy

density. All-solid-state batteries with high-voltage electro
have been reported by Bates et al.[4], West et al.[5] and
Whitacre et al.[6]. The electrolyte used in their studies w
the so-called “LiPON” electrolyte, which could only
prepared by the sputtering method. Furthermore, the ch
in volume of the electrodes during charge and disch
could not be accepted in the rigid all-ceramic system,
thus, it was difficult to realize the scale-up of the battery w
the use of only the LiPON-type electrolyte. Therefore,
propose a ceramic/polymer composite electrolyte in w
the inorganic electrolyte is sandwiched between the pos
electrode and the solid polymer electrolyte (SPE), as sh
in Fig. 1. In such a ceramic/polymer composite system
ceramic electrolyte acts as an oxidation barrier for the S
The SPE acts as a buffer against the volume change. We
also reported the ceramic/polymer composite-type cell
4 V class (LiMn2O4) [7] and 5 V class (LiNi0.5Mn1.5O4)
[8] electrodes. However, the electrodes used were
thin-films because of the simple determination at the e
trolyte/electrode interface. In order to achieve the sca
up of the battery, the positive electrode should be cha
∗ Corresponding author. Tel.: +81 3 3480 2111; fax: +81 3 3488 6697.
E-mail address:kobayo@criepi.denken.or.jp (Y. Kobayashi).

to powder for easy preparation and to obtain a sufficient
surface area. Therefore, an appropriate procedure for the
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Fig. 1. A schematic of “ceramic/polymer composite concept”.

coating of a ceramic electrolyte on the positive-electrode
powder is needed for the scaling up of the battery. In this
study, we report on thin-film ceramic electrolyte formation
on powder LiCoO2 by spray coating. Furthermore, we also
demonstrate the possibility of a high-voltage (>4.2 V) and
high-capacity (200 mAh g−1) battery by combining LiCoO2
with a ceramic/polymer composite electrolyte.

2. Experimental

Thin-film ceramic–electrolyte-coated LiCoO2 powder
was obtained by spray coating (Powrex MP-01) a precur-
sor solution in which a 4:1 ratio of LiNO3 and H3PO4 was
dissolved in H2O. The prepared solution was relatively Li-
rich in order to avoid a Li-poor condition at the electrode
surface, which might lead to the deintercalation of lithium
ions from LiCoO2 or the formation of impurities such as
pyrophosphates during the coating process. The obtained
powder was annealed at 823 K for 10 h in an O2 flow. The
formed film structure was determined by XRD analysis, SEM
and TEM. The XRD data were collected in the 2θ range
of 20◦–110◦ in the step scan mode with a step width of
0.02◦, and were refined using a Rietveld fitting program, RI-
ETAN 2000[9]. The chemical composition of the thin-film
c ec-
t oO
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( een
t ode,
w er:
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using a multichannel potentiostat, Princeton Applied Re-
search VMP2/Z. The applied ac signal for the electrochemical
impedance spectroscopy (EIS) measurement was 10 mV, at
a frequency between 200 kHz and 50 mHz. The charge and
discharge were performed between 3.0 V and 4.6 V at 333 K.
The applied constant current was 50�A cm−2, which corre-
sponded to a rate of C/20.

3. Results and discussion

Fig. 2 shows the XRD pattern of the thin-film-coated
LiCoO2 with the spray coating. The formed coating material
was confirmed to be Li3PO4 on the basis of the diffraction pat-
tern. The observed pattern was fitted by a two-phase model,
LiCoO2 (hexagonal space group,R-3m) and Li3PO4 (or-
thorhombic space group,Pmn21). The structural parameters
are given inTable 1. The parameters of noncoated LiCoO2 are
also shown as reference. The noncoated LiCoO2 contained
a trace impurity of Co3O4 (<1 wt%). However, the Li3PO4-
coated LiCoO2 showed no diffraction from Co3O4. As the
coating precursor solution was relatively Li-rich, it was pos-
sible that the remnant Li compounds would react with Co3O4
and form LiCoO2. The base LiCoO2 showed no significant
change in lattice parameter during the coating and post an-
nealing process.
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oated LiCoO2 was determined by ICP. The positive el
rode sheet was prepared using the mixture of coated LiC2,
cetylene black and the polymer electrolyte binder, w
onsisted of lithium bis(pentafluoroethylsufonyl)-amide
ETI) and the polymer electrolyte, ethylene oxideco-2-

2-methoxy-ethoxy) ethyl glycidyl ether [P(EO/MEEGE
Daiso Co. Ltd.). The SPE sheet, sandwiched betw
he positive electrode and the negative lithium electr
as a sheet of P(EO/MEEGE/AGE) (allyl glycidyl eth
GE). The dissolved salt in the SPE sheet was lith
is(trifluoromethanesufonyl)-amide (LiTFSI). The coin-ty
ell (CR2032) was set up in an Ar-filled glove box. T
lectrochemical characterization of the cell was perfor
Fig. 3shows the surface morphologies of Li3PO4-coated
iCoO2. Fine Li3PO4 particles (approximately 100 nmφ) are
bserved on LiCoO2. Some residual Li3PO4 particles were
ot used for coating, rather they accumulated.Fig. 4 shows
typical TEM cross-section of the Li3PO4-coated LiCoO2.
uniform thin-film (approximately 20 nm thick) layer w

bserved on the LiCoO2. Phosphorus characteristic X-ra
ere observed at the thin-film layer by EDX. The aver

hickness of Li3PO4 (Tfilm) is calculated using the followin
quation.

film = Rfilm

Scathodedfilm
(1)

ig. 2. The X-ray diffraction pattern for observed Li3PO4-coated LiCoO2
×) and the fitting result of space groups ofR-3m (LiCoO2) andPmn21
Li3PO4) (—). The inset shows the close-up of the diffractions for Li3PO4.
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Table 1
X-ray diffraction Rietveld refinement results for Li3PO4-coated LiCoO2

Atom Position x y z Occupancy B (̊A2)

Li3PO4-coated LiCoO2: space groupR-3m, a= 2.81498 (8)̊A, c= 14.0479 (3)̊A (* non coated
LiCoO2 a= 2.81536 (5)̊A, c= 14.0513 (2)̊A), RI = 3.96,RF = 2.85
Li 3a 0.0 0.0 0.0 1.0 1.2 (2)
Co 3b 0.0 0.0 0.5 1.0 0.26 (3)
O 6c 0.0 0.0 0.2392 (2) 1.0 0.48 (6)

Li3PO4 on LiCoO2: space groupPmn21,a= 6.115 (3)Å, b= 5.236 (3)Å, c= 4.926 (6)Å, RI = 32.33,RF = 23.65
P 2a 0.0 0.816 (8) 0.0 1.0 0.5
O(1) 4b 0.217 (9) 0.673 (13) 0.908 (22) 1.0 1.0
O(2) 2a 0.0 0.101 (16) 0.914 (33) 1.0 1.0
O(3) 2a 0.5 0.175 (17) 0.909 (22) 1.0 1.0
Li(1) 4b 0.243 (40) 0.319 (49) 0.793 (39) 1.0 1.0
Li(2) 2a 0.5 0.806 (56) 1.02 (12) 1.0 1.0

Rwp = 17.15,Rp = 10.76,S=Rwp/Re = 1.30.

Here,Rfilm is the ratio of the Li3PO4 weight to the total
weight.Rfilm (3.7 wt%) was obtained from the analysis of
ICP.Scathodeis the BET surface area of the noncoated LiCoO2
(0.5 m2 g−1) anddfilm is the theoretical density of Li3PO4
(2.46 g cm−3) [10]. The calculated result (Tfilm = 30 nm) was
reasonable, allowing for the fact that some Li3PO4 particles
remained uncoated as shown inFig. 3.

The Li3PO4 coating effect on the SPE was determined
under the high-oxidation condition of LiCoO2, by EIS anal-
ysis. Li3PO4-coated and noncoated [LiCoO2|SPE|Li] cells
were charged up to 4.4 V, and subjected to a constant voltage
(CV). EIS measurements were performed every hour and the
changes in the spectra were determined. Details of the pro-
cedure are discussed in reference[11]. Fig. 5shows the EIS

results obtained 1 h and 50 h after 4.4 V CV charging. The left
and right semicircles are assigned respectively to the Li/SPE
interface and LiCoO2/SPE interface[11]. The EIS spectra of
the coated and noncoated cell showed that they had similar
profiles after the period of 1 h as shownFig. 5(a). Although
Li3PO4 was a relatively poor ionic conductor[12], no signifi-
cant increase in interfacial resistance was observed because of
the thin-film formation and because of the large surface area
of the positive-electrode powder. The right-hand semicircle
(LiCoO2/SPE) became larger than the left-side one (Li/SPE)
as holding time increased. However, the growth of the semi-
circle was restrained in the Li3PO4-coated LiCoO2 system
in comparison with the noncoated one. In general, the SPE is
thought to be oxidized in this voltage region (4.4 V). It is no-
table that Li3PO4-coated LiCoO2 showed a marked increase
in interfacial resistance at the LiCoO2/SPE interface in the
high-voltage region.
Fig. 3. SEM image of Li3PO4-coated LiCoO2.
 Fig. 4. TEM cross-section image of Li3PO4-coated LiCoO2.
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Fig. 5. The time dependences of impedance spectra of noncoated and
Li3PO4-coated LiCoO2 after a period of (a) 1 h and (b) 50 h.

The charge and discharge voltage profiles of the three
initial cycles are shown inFig. 6. The initial discharge ca-
pacity of the Li3PO4-coated LiCoO2 was observed to be
approximately 200 mAh g−1 and the following reversibility
was fairly good. On the other hand, the noncoated LiCoO2
could not attain 4.6 V during the initial charge because of
the oxidation decomposition at LiCoO2 and the polymer in-
terface. Thus, we confirmed that thin-film Li3PO4 plays the
role of the oxidation barrier for the SPE, and also of the
lithium ionic conductor between LiCoO2 and the SPE. The
highest reported charge voltage was that reported previously
by Iwamoto et al., which was 4.6 V in a sulfide-based glass
electrolyte in the LiCoO2 series[13]. However, the oper-
ation condition during charging was very high-rate, which
involved a large polarization. The reversibility up to 4.6 V in
the LiCoO2 system is one of the highest reported values for
all-solid-state batteries. On the other hand, a 200 mAh g−1

reversible capacity with SPE was also reported by Baudry et

F
c

al. [14]. However, the positive electrode they used was vana-
dium oxide and the average discharge voltage was 2.5 V. The
obtained average discharge voltage of our system was 3.81 V
at the first discharge. Therefore, the total energy density of
our result (760 mWh g−1) is also one of the highest values
reported for all-solid-state lithium secondary batteries.

4. Conclusion

Li3PO4 thin-film coating on LiCoO2 was obtained by
spray coating, and it was found that thin-film coating was
possible without causing significant degradation of LiCoO2.
Although the observed Li3PO4 film was very thin (approx-
imately 20 nm thick) the film played the important role of
an oxidation barrier for the ethylene oxide-based solid poly-
mer electrolyte. The [Li3PO4-coated LiCoO2|SPE|Li] cell
exhibited reversibility up to 4.6 V with 200 mAh g−1 and
760 mWh g−1 discharge capacities. Therefore, we believe
that the ceramic/polymer composite electrolyte will enable
the development of a high-energy-density battery system with
sufficient safety.
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