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The interface resistance between LiyFePO4 and poly(ethylene oxide) (PEO)-Li(CF3S0;),N (LiTFSI) was
examined by AC impedance measurement of a LiyFePO4/PEO-LIiTFSI/LiyFePO4 cell in the temperature
range of 30-60°C. Four types of resistance, RO, R1, R2 and R3 were proposed according to analysis of
the cell impedance using an equivalent circuit. The sum of RO and R1 in the high frequency range is
consistent with the resistance of the PEO electrolyte. R2 in the middle frequency range is related to
lithium ion transport to an active point for charge transfer inside the composite electrode, and R3 in the
low frequency range is considered to be the charge transfer resistance. The activation energy for R2 was
affected by the thickness and composition of the electrode, whereas that for R3 was not.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Rechargeable solid lithium polymer batteries (SLPBs) are con-
sidered to be a promising candidate for large-scale batteries in
electric vehicles (EV), plug-in hybrid vehicles (PHEV), and as back-
up storage for solar cells, because of their low production cost, high
reliability, safety, and flexibility for cell design [1,2]. Conventional
SLPBs have used lithium metal anodes and oxide cathodes such
as V,05 to ensure high-energy density [3]. However, this type of
SLPB, with a lithium metal anode, has been reported to have serious
safety problems. Recently, Imanishi et al. reported the possibility of
using a carbon anode with a solid lithium polymer electrolyte [4].
A carbon anode could be coupled with cathode materials contain-
ing lithium, such as LiCoO,, LiMn; 04, and LiFePO4. However, the
choice of cathode materials is somewhat restricted by the thermo-
dynamic stability of the polymer electrolyte. The stability window
of typical solid polymer electrolytes, such as poly(ethylene oxide)
(PEO) based electrolytes, does not exceed 4V vs. Li/Li* [5]. The typ-
ical cathode materials for lithium ion batteries, such as LiCoO, and
LiMn;0y4, cannot be used for the cathode in PEO electrolyte cells,
because their working potentials are around 4V vs. Li/Li*. Croce
et al. reported that LiFePO4 was the best candidate for the cath-
ode material in SLPBs with PEO based electrolyte, due to the low
volume change by lithium insertion and extraction, a low working
potential of 3.5V vs. Li/Li*, low cost, and a high thermal decomposi-
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tion temperature [6]. A reversible capacity of 140 mAh g~ at 100°C
was observed for a Li/PEO-LiCF3SO3/LiFePO4 cell, which is compa-
rable with 165 mAhg~! obtained for Li/PC-DMC-LiPFg/LiFePO,4 at
room temperature [7]. In previously reported solid lithium poly-
mer cells with LiFePO4 cathodes, high capacity was observed only at
higher temperatures and low current density, such as 0.05 mA cm~—2
|8]. The charge-discharge performance of SLPBs is strongly depen-
dent on the interface resistance between the electrode and the
electrolyte, especially at low temperature [9,10].

In our previous work, we reported the low temperature per-
formance of a Li/PEO-LIiTFSI/LiFePOy4 cell; the interfacial resistance
between PEO-LIiTFSI and LiFePO, was not significantly depen-
dent on the molecular weight of PEO and the content of LiTFSI
in PEO [11,12]. In this study, the interface resistance between
LixFePO, and PEO-LiTFSI was examined using a symmetrical
LixFePO4/PEO-LITFSI/LixFePO4 cell and the interface resistances
were analyzed as a function of the operation temperature and the
electrode composition (x in LixFePOyg).

2. Experimental

The PEO based electrolyte was prepared according to the pre-
viously reported solvent casting technique with acetonitrile (AN)
as a solvent [13]. PEO (Aldrich Chemical, average molecular weight
6 x 10°)and Li(CF3S0, ), N (LiTFSI, Wako) were dissolved in AN with
a molar ratio of Li/O=1/10. The polymer electrolyte solution was
cast in a polytetrafluoroethylene (PTFE) dish under a dry argon
atmosphere. After evaporation of AN at room temperature, the film
was dried at 110°C for 12 h under vacuum. The thicknesses of the
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polymer electrolytes used for AC impedance measurements and
charge-discharge tests were ca. 500 wm, and ca. 1 mm for conduc-
tivity measurements.

The cathode electrodes consisted of carbon-coated LiFePOy4
(Hohsen Co., carbon content 2.0 wt%, average particle size 3.3 wm),
vapor grown carbon fiber (VGCF; Showa Denko, Japan, average
diameter 150 nm, length ca. 20 wm) and the polymer electrolyte
mixed in AN (4:1:5 weight ratio). The solution was painted on alu-
minum foil and the AN solvent was allowed to slowly evaporate
at room temperature under a dry argon atmosphere, and was then
dried at 110°C for 12 h under vacuum. The electrode film thick-
ness was in a range of 20-70 wum and the active electrode area
was 2.25 cm? (1.5 cm x 1.5 cm). The reversible capacity of the com-
posite LiFePO, electrode at 50°C was 140mAhg-! at 1/10°C and
100mAhg-1 at3°C.

A target for sputtering LiFePO4 was prepared by a solid state
reaction method [14]. Li;CO3, FeC;04-H,0 and (NH4)H;PO4 pow-
ders (Nacalai Tesque) were mixed in a 1:2:2 molar ratio. The
mixture was ground and pressed into a tablet, which was then sin-
tered at 700°C for 6 h under 2% Hy-Ar. The product was crushed
and the procedure repeated. The final powder was pressed into a
tablet of 5.5 cm in diameter as the sputtering target. The LiFePO,
film was deposited on Au foil by RF magnetron sputtering (Ulvac,
SCOTT-C3). Sputtering of LiFePO,4 was carried out for 15 min in pure
Ar at a working pressure of 2 x 10~2 Torr. The as-sputtered LiFePO,
film was then annealed at 700°C under 2% H,-Ar. The thickness
of the electrode was approximately 500 nm, as measured by cross
sectional observation of scanning electron microscope image (SEM;
Hitachi, S-23008S).

The conductivities of the polymer electrolytes were measured
using a symmetrical blocking cell, Cu/PEO-LIiTFSI/Cu. A symmetri-
cal non-blocking cell was used to measure the interfacial resistance
between the electrolyte and the electrode. The lithium content
in LiyFePO4 was changed using an Al/LixFePO4/PEO-LIiTFSI/SS-
mesh/PEO-LITFSI/LixFePOg4/Al cell (SS: stainless steel). The cell was
assembled with two working electrodes arranged face to face. A
constant current was passed between the SS-mesh and the Al foil
as a current corrector to deposit Li metal on the SS-mesh. AC
impedance measurements of the electrolyte were performed in
the temperature range of 30-60°C. An AC perturbation of 10 mV
was applied in the frequency range from 1 x 106 to 0.1 Hz using
a Solartron1260 frequency response analyzer. In order to ensure
good contact between the electrolyte and electrode, the cells were
initially heated to 80 °C and then cooled down to the measurement
temperature.

3. Results and discussion

Fig. 1 shows the impedance spectrum of a symmetrical cell
(Al/Lio_ggFEPO4—C/PEO]0LiTFS[/Lio_ggFePO4—C/A1) at 50°C, in which
there are four major resistance components. These resistance com-
ponents are a simple ohmic resistance (R0), a resistance in the high
frequency range (small semicircle, R1), a resistance in the mid-
dle frequency range (semicircle, R2), and a resistance in the low
frequency range (large semicircle, R3). The RO and R1 resistances
have the same profiles as that observed for Cu/PEO;oLiTFSI/Cu.
Therefore, both RO and R1 are assigned to the resistances of the
PEO electrolyte which are caused by the ionic transport through
mixed phases of crystalline and amorphous domains occurred at
room temperature. Fig. 2 shows the impedance profiles of a sym-
metrical cell (Al/LixFePO4-C/PEO;oLiTFSI/LixFePO4-C/Al) at 50°C
as a function of x in LixFePO4. The Li content in LixFePO4 was
changed in situ using a third SS-mesh electrode inserted into the
polymer electrolyte, as described in Section 2. The electrode con-
taining LiFePO,4 exhibits blocking behavior with a vertical spike,
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Fig. 1. Impedance spectrum for Al/Lig9gFePO4/PEO1oLiTESI/Lig9gFePO4/Al at 50 °C.

and only two semicircles are observed. Saturation of the LiFePOy4
structure with lithium ions is indicated by the blocking character-
istics, whereas lithium deficient Lig ggFePO4 exhibits non-blocking
behavior. The R2 and R3 resistance values were obtained by fit-
ting the experimental data using the equivalent circuit shown
in Fig. 1. The compositional dependence of R2 and R3 is shown
in Fig. 3. R2 (10%*-103 Hz) increases and R3 (10-1Hz) decreases
with decreasing x in LixFePO4. R3 changed reversibly and R2 irre-
versibly with the change in x, which suggests that R3 corresponds
to the charge transfer resistance between the polymer electrolyte
and LixFePOy. Srinivasan and Newman [15] reported that LixFePO,4
was a two phase mixture of LiFePO, and FePO, in the range
x=0.9525-0.002. Therefore, the active area for the charge transfer
reaction increases with decreasing x, which results in a decrease
of the charge transfer resistance. Bruce [16] and Franger et al. [17]
reported similar impedance profiles for cells with a polymer elec-
trolyte and liquid electrolyte, respectively. They suggested that
the two semicircles are consistent with a complex electrochem-
ical reaction that involves more than a simple electron transfer
between the redox couple and the electrode. The reaction may
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Fig. 2. Impedance spectra for Al/LiyFePO4/PEOoLiTFSI/LixFePO4/Al at 50 °C for var-
ious x in LiyFePOg4.
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Fig. 3. Interface resistances of R2 and R3 as a function of x in LiyFePO,4 at 50 °C.

involve adsorption or a chemical step in addition to the charge
transfer process. The impedance spectra of LiFePO4 with a liquid
electrolyte, as reported by Shin et al. [18], showed two depressed
semicircles, and those by Takahashi et al. [19] only one depressed
semicircle; however, these reports did not report the content of Li
in LiyFePOy.

To clarify the origin of R2 and R3, the cell impedance of
Al/Lig 9gFePO4-C/PEOLLITFSI (x=10 and 18)/LipggFePO4-C/Al was
measured and the temperature dependence of R2 and R3 are shown
in Fig. 4. PEO-LIiTFSI has a knee in the conductivity curve at around
60°C, which corresponds to the phase transition temperature of
the electrolyte. PEOgLiTFSI has a conductivity knee at near 50°C,
and PEO;oLiTFSI shows no clear phase transition behavior until
30°C [20,21]. R2 and R3 for the cell with PEO(LiTFSI exhibits
no clear knee in the temperature range measured. In contrast, R2
observed in the cell with PEOgLiTFSI has a jump in conductivity
near 50°C and R3 is a straight line. The activation energies of R3 for
PEO;oLiTFSI and PEO;gLiTFSI were calculated as 75 and 87 k] mol~1,
respectively. The activation process for R3 is not affected by the
electrolyte phase transition, which suggests that R3 could be con-
sidered as the charge transfer resistance. On the other hand, the
R2 resistance is affected by the phase transition of the polymer
electrolyte; R2 with PEO;gLiTFSI jumps at around 50 °C, the tem-
perature that corresponds to the phase transition of the polymer
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Fig. 5. Impedance spectra for Au/sputtered LiyFePO4/PEO(LiTFSI/sputtered
LiyFePO4/Au at 50°C.

electrolyte. Therefore, R2 could be attributed to an ion transfer to
the active site for charge transfer in the composite electrode.

To confirm the effect of the additive in the electrode, a LiFePO4
thin film electrode was prepared by RF sputtering on an Au sub-
strate to eliminate the effect of the polymer electrolyte and the
conductive VGCF additive in the composite electrode. The obtained
sputtered film had the same XRD pattern as that for powdered
LiFePO4. The thickness of the film estimated from SEM images
was approximately 500 nm. Fig. 5 shows impedance spectra of a
symmetrical cell with the sputtered LiFePO4 thin film electrode
and PEO;gLiTFSI electrolyte at 50°C. The as-sputtered electrode
exhibits blocking behavior and only the sum of PEOgLiTFSI resis-
tance, RO-R1, is obtained, that is, the composition of the film is
considered to be LiFePO4. Lithium was extracted from LiFePOy4
using the SS-mesh in the polymer electrolyte. The impedance pro-
file of Lip1FePOy is also shown in Fig. 5. A small semicircle in the
high frequency range and alarge depressed semicircle are observed.
The first semicircle corresponds to the resistance of the polymer
electrolyte. The frequency range of the second semicircle is similar
that of R3 for the composite electrode shown in Fig. 2. It should
be emphasized that the thin film electrode without the polymer
electrolyte and the conductive VGCF additive has no semicircle in
the intermediate frequency range, which corresponds to R2. There-
fore, R2 can be reasonably assigned from its arising frequencies to
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Fig. 4. Temperature dependence of the interface resistance of R2 and R3 measured for cells with different polymer electrolytes. (a) Al/Lip9s FePO4/PEO1LiTFSI/Lig 9s FePO4/Al

and (b) Al/Lio_93 FEPO4/PEO 18LiTFSl/Lio_93 FEP04 /Al



K. Hanai et al. / Journal of Power Sources 195 (2010) 2956-2960 2959

Table 1

Dependence of the interface resistance and activation energy on electrode thickness of the LiFePO4:VGCF:(PEO);oLiTFSI (4:1:5 weight ratio) composite electrode in the

temperature range of 60-40°C.

Electrode properties Resistance at 50°C (x=0.7)

Activation energy

Thickness, pm Weight, mg cm—2 Active material weight, R2, Qcm—2 R3, Qcm2 R2, k] mol~! R3, k] mol~!
mgcm—2

21 1.1 0.4 616 1796 6 63

36 3.6 14 167 580 26 73

56 6.0 2.4 149 225 40 70

Table 2

Dependence of the interface resistance and activation energy on the electrode composition of the LiFePO4-VGCF-PEO;oLiTFSI composite electrode.

Electrode composition Electrode properties

Resistance at 50°C (x=0.7) Activation energy

(LiFePO4-VGCF):(PEO;oLiTFSI) Thickness, Weight, Active material weight, R2, Qcm—? R3, Qcm2 R2, k] mol~! R3, k] mol~!
pm mgcm—2 mgcm—2

40:60 42 3.1 0.97 653 527 10 67

70:30 44 4.4 1.0 180 324 44 76

the ionic transport in the polymer electrolyte inside the composite
electrode. The linear increase in the resistance may be attributed to
the SEI formation near the boundary between polymer and LiFePO4
particles. An Arrhenius plot of the R3 resistance for the sputtered
electrode with PEO;gLiTFSI is shown in Fig. 6. The activation energy
calculated from the temperature dependence is 77 k] mol~!, the
value of which is comparable to that of the composite electrode
with PEOgLiTFSI, as shown in Fig. 4. It is concluded that R2 is dom-
inated by the polymer electrolyte in the composite electrode, and
R3 is due to the charge transfer resistance between the polymer
electrolyte and LixFePOj,.

The influence of electrode thickness on the interface resis-
tance of the composite electrode with LiFePO4-C:VGCF:PEO1oLiTFSI
(4:1:5 weight ratio) was examined in the temperature range of
60-40°C and the results are summarized in Table 1. R2 and R3
decrease with increasing electrode thickness. These resistances
depend on the surface area of LiyFePO4-C/polymer electrolyte,
which are enlarged by increasing the thickness of the electrode. This
clearly indicates that R2 is assigned to the ionic transport across the
polymer layer formed on the LiFePO,4 particles. Activation ener-
gies for R3 revealed no significant change with the thickness. On
the other hand, the activation energies for R2 show a clear depen-
dence on the thickness, and that of a thick 56 wm electrode was
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Fig. 6. Arrhenius plot of the R3 interface resistance obtained for Au/sputtered
LixFePO4/PEO;oLiTFSI/sputtered LiyFePO4/Au.

40 k] mol~!. The value of the activation energy is comparable to that
for the electrical conductivity of PEO1oLiTFSI, which suggests that
the diffusion of lithium ions in the polymer electrolyte with a thick
composite electrode is the rate determining step for R2. Table 2
shows the dependence of the ratio of electrode materials (LiFePO4-
C, VGCF) and PEO1(LiTFSI on R2 and R3. R2 and R3 decrease with
decreasing polymer electrolyte content in the electrode. Activation
energies for R3 have no dependence on the polymer electrolyte
content of the electrode. In contrast, the activation energy for R2
increases with decreasing polymer electrolyte content in the elec-
trode. The frequency range of R2 is slightly lower than that of the
bulk polymer electrolyte. It is considered that the R2 resistance is
dominated by the PEO electrolyte within the electrode; the seg-
mental conduction polymer is restricted to of lithium ions due to
the complicated structure of the electrode.

4. Conclusions

The interface resistance between LiyFePO4 and PEO-LiTFSI was
examined using AC impedance measurements with a symmetri-
cal cell in the temperature range of 30-60 °C. Four resistances, RO,
R1, R2 and R3 were distinguished. The resistances in the high fre-
quency region (RO and R1) were considered to be resistance of the
PEO electrolyte. R2 and R3 are dependent on x in LiyFePO4 and this
dependence suggests that R3 in the low frequency region is related
to the charge transfer resistance. R2 was considered to be related
to the internal resistance of the composite electrode, because the
sputtered LiFePO4 electrode had no semicircle corresponding to
R2 in the same frequency range. The activation energy for R2 was
affected by the thickness and composition of the electrode. The
activation energy for a thick composite electrode with a low con-
tent of polymer electrolyte was comparable to that of the polymer
electrolyte. On the other hand, the activation energy for R3 was not
affected by the thickness and composition of the electrode.
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