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a b s t r a c t

Polymer with trimethylene oxide (TMO) units prepared from ring-opening polymerization of an oxetane
derivative is a candidate for the matrix of solid polymer electrolytes. We prepare an oxetane deriva-
tive with nitrile group, 3-(2-cyanoethoxymethyl)-3-ethyloxetane, CYAMEO. CYAMEO is polymerized
by using a cationic initiator system. The structure of the resulted polymer, P(CYAMEO), is confirmed
by NMR and FTIR spectroscopic techniques. Inorganic salts, such as lithium salts, can be dissolved in
P(CYAMEO) matrix. FTIR and DSC results of P(CYAMEO)-based electrolyte films suggest that lithium
ions in the P(CYAMEO) matrix interact with the nitrile side chains, mainly, and not with the oxygen

◦

rimethylene oxide
itrile
olid polymer electrolyte
ithium ion

atoms on the main chain of the P(CYAMEO). The conductivity at 30 C for P(CYAMEO)-based electrolyte
films, P(CYAME)10(LiX)1, is 19.6 �S cm−1 (X = LiClO4), 6.59 �S cm−1 (BF4), 6.54 �S cm−1 (CF3SO3), and
25.0 �S cm−1 (N(CF3SO2)2). The rise in temperature from 30 ◦C to 70 ◦C increases their conductivity,
about 30–40 times. The conductivity at 70 ◦C for P(CYAMEO)-based electrolyte films is 0.742 mS cm−1

(X = LiClO4) and 0.703 mS cm−1 (N(CF3SO2)2). Electrochemical deposition and dissolution of lithium
on a nickel plate electrode are observed in the solvent-free three-electrode electrochemical cell with
P(CYAMEO)10(LiX)1, (X = ClO4 or N(CF3SO2)2) electrolyte film at 55 ◦C.
. Introduction

Polymer electrolytes are key materials for construction of
ightweight, thin, and flexible batteries. Many types of polymer
lectrolytes have been investigated. Scrosati and Vincent catego-
ized polymer electrolytes into five classes [1]. Polymer electrolytes
ategorized as “Class 1” consist of polymer as a matrix (quasi-
olvent) and inorganic salt, such as lithium salt [1]. This simple
ystem has some advantageous points for battery application,
or example, no leakage of low-molecular weight compounds, i.e.
lasticizer, from electrolyte films and lower flammability than
ormal organic electrolyte solutions. However, conductivity for
olymer–inorganic salt systems is normally lower than for other
olymer electrolyte system, such as gel electrolytes [2].

Many polymer compounds for “Class 1” polymer electrolytes
ave polyether structure, especially, polyethylene oxide (PEO)
tructure in their main chain and/or side chains. PEO and its deriva-

ives are used as a polymer matrix for solid polymer electrolyte,
ecause of their low glass transition temperature (Tg), the capa-
ility in forming solvation shells with cations, and commercial
vailability. However, the limitation of ion transport properties in
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PEO–lithium salt systems is a major obstacle for wide applications
[3,4].

Some research groups have investigated new-type polyether-
based electrolytes with trimethylene oxide (–CH2CH2CH2O–,
TMO) units [5–15]. Ye et al. prepared two monomers, 3-(2-
cyanoethoxy)methyl- and 3-[(methoxytriethyleneoxy)]-methyl-
3′-methyloxetane, and their polymers. The conductivity of their
poly(oxetane)-based electrolyte at room temperature is about
10.7 �S cm−1, while at 80 ◦C is 0.279 mS cm−1 [10–12]. They
also prepared the hyperbranch poly(oxetane)-based electrolytes.
The ionic conductivity measurements showed that the sam-
ple reaches a maximum ionic conductivity of 80 �S cm−1 at
30 ◦C and 0.74 mS cm−1 at 80 ◦C, respectively, after doping with
LiN(CF3SO2)2 [13]. Kerr et al. reported on a new comb branch
polymer based on TMO side chains as a polymer electrolyte
for potential application in lithium metal rechargeable batteries
[14,15].

We have also investigated polymer electrolyte films with TMO
structure and reported their conduction behavior [7–9]. In those
investigations, we prepared the polymer with TMO structure by

ring-opening polymerization of oxetane derivatives that is initi-
ated with lithium salts. The highest conductivity for our systems
is 0.1 mS cm−1 at 30 ◦C. The advantageous point of the electrolyte
films is their preparation procedure, which needs no initiator which
will produce some contaminations in the electrolyte films. The

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tsutsumi@yamaguchi-u.ac.jp
dx.doi.org/10.1016/j.jpowsour.2009.11.042
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Fig. 1. Structures of CYAMEO and P(CYAMEO).

ithium salts can initiate ring-opening polymerization of the oxe-
ane monomers [7–9].

This paper reports on a polymer with TMO units and nitrile side
hains (Fig. 1) and its structure and performance as a matrix of solid
olymer electrolytes. FTIR, solid state 7Li NMR, and conductivity
easurements provide us with detail information about lithium

ons in the poly(oxetane)-based matrix.

. Experimental

.1. Materials

3-Ethyl-3-hydoxymethyloxetane was gifted from Ube Indus-
ries Ltd. (Japan) and used after distillation under the reduced
ressure. All chemicals were purchased and used without further
urification unless otherwise mentioned.

.2. Preparation of oxetane monomer

Oxetane monomer which is possessed of nitrile group, 3-
2-cyanoethoxymethyl)-3-ethyloxetane, CYAMEO (Fig. 1), was
repared from 3-ethyl-3-hydroxymethyloxetane (EHO) and acry-

onitrile under similar procedure reported by Ye et al. [11]. Typical
reparation procedure is as follows: the mixture with EHO (23.22 g,
.198 mol), acrylonitrile (21.78 g, 0.410 mol) and water (10 ml) was
tirred under room temperature. Twenty percent of tetraethylam-
onium hydroxide solution (2.6 ml) was added to the mixture and

hen stirred for 19 h at room temperature. The reaction mixture
as extracted with diethyl ether (100 ml) and the ether solution
as washed with water (50 ml), twice. After the ether solution was
ried with magnesium sulfate, the ether was removed with a rotary
vaporator. The residue was distilled under reduced pressure and
he fraction (160–185 ◦C, 133–266 Pa) was corrected. Yield: 22.7 g,
7%.

The structure of 3-(2-cyanoethoxymethyl)-3-ethyloxetane was
onfirmed with NMR and FTIR measurements.

1H NMR (ı, ppm from TMS in CDCl3): 0.90 (t, 3H, JCH3−CH2 =
.42 Hz, –CH3), 1.76 (q, 2H, JCH2−CH3 = 7.42 Hz, –CH2CH3), 2.44 (t,
H, JCH2−CH2 = 6.43 Hz, –CH2CH2–CN), 3.63 (s, 2H, –C–CH2–O–),
.72 (t, 2H, JCH2−CH2 = 6.43 Hz, –CH2CH2–CN), 4.44 (dd, 4H,

−CH2−O−CH2− = 5.94, 12.37 Hz, ring, –CH2–O–CH2–).
FTIR (cm−1): 978 cm−1 (ring’s C–O–C), 1114 cm−1 (C–O–C),

251 cm−1 (CN), 2800–3000 cm−1 (CH2).

.3. Polymerization of 3-(2-cyanoethoxymethyl)-3-ethyloxetane

Ring-opening polymerization of 3-(2-cyanoethoxymethyl)-3-
thyloxetane, CYAMEO, was initiated with boron trifluoride diethyl
ther complex (BF3·Et2O) and 1,4-butandiol [11]. A tri-necked
ound flask (100 ml) was filled with nitrogen and CYAMEO (5.94 g,
.035 mol), dichloromethane (5 ml) and 1,4-butanediol (100 �l)
ere added to the flask and stirred at 0 ◦C for 30 min. Initiator,

F3·Et2O (100 �l) was added to the flask and stirred at −5 ◦C for
h. After the polymerization, the mixture was added to ethanol

300 ml) and the precipitated polymer was corrected with a glass
lter and removed the ethanol under reduced pressure (ca. 266 Pa)
t 40 ◦C for 12 h. Yield: 0.954 g, 16%
er Sources 195 (2010) 2863–2869

The structure of poly(3-(2-cyanoethoxymethyl)-3-
ethyloxetane), P(CYAMEO), was confirmed with NMR and
FTIR measurements. The number-averaged molecular weight
of P(CYAMEO) was estimated with relative intensities of the NMR
peaks between the terminal structure (3.32 ppm) and the main
chains (3.24 ppm).

1H NMR (ı, ppm from TMS in CDCl3). Repeating unit: 0.86 (t,
JCH3−CH2 = 7.25 Hz, –CH3), 1.39 (q, JCH2−CH3 = 7.25 Hz, –CH2CH3),
2.60 (t, JCH2−CH2 = 5.94 Hz, –CH2CH2CN), 3.24 (s, –CH2–), 3.36
(s, –CH2–), 3.62 (t, J−CH2−CH2− = 5.94 Hz, –CH2CH2CN). Termi-
nal group: 0.55 (t, JCH3−CH2 = 7.25 Hz, –CH3), 1.03 (q, JCH2−CH3 =
7.25 Hz, –CH2CH3), 2.60 (t, JCH2−CH2 = 5.94 Hz, –CH2CH2CN),
3.32 (s, –CH2–), 3.49 (s, –CH2–), 3.72 (t, J−CH2−CH2− = 5.94 Hz,
–CH2CH2CN).

FTIR (cm−1): 1105 cm−1 (C–O–C), 2251 cm−1 (CN),
2800–3000 cm−1 (CH2).

2.4. Preparation of P(CYAMEO)-based polymer electrolyte films

Solid polymer electrolyte films (P(CYAMEO)n(LiX)m) were pre-
pared by casting the acetonitrile solution that contains P(CYAMEO)
and LiX (X = ClO4, BF4, CF3SO3, or N(CF3SO2)2) on an Al foil
dish and removing the solvent. The molinity of the typical film,
P(CYAMEO)10(LiN(CF3SO2)2)1, was 0.59 mol kg−1.

2.5. Measurements

An electrolyte film was sandwiched with two stainless steel
plates (13 mm in diameter). The conductivity of the electrolyte
film was measured with an LCR meter (HIOKI 3532-80 chemical
impedance meter, 100 mVp−p, 10–100 kHz) under various temper-
ature conditions from 20 ◦C to 70 ◦C. Infrared spectra of samples
were recorded with an FTIR spectrophotometer (IRPresatge-21,
Shimadzu). 1H NMR spectra of CYAMEO and P(CYAMEO) were
obtained on an NMR spectrophotometer (EX-270 or GSX-270,
JEOL). XRD patterns of the composites films were recorded with an
X-ray diffraction meter (XD-D1, Shimadzu, CuK�, � = 0.1542 nm).
DSC measurements of the samples were preformed with a differ-
ential scanning calorimeter (DSC5100S, Bruker AXS), heating rate
was 10 K min−1.

Solid state 7Li NMR spectra were recorded at 116.9 MHz on
a Chemagnetics CMX-300 spectrometer. Approximately 10 mg of
sample was inserted into a 4.0-mm rotor. Samples were spun at
the magic angle at 6000 Hz. The chemical shifts were externally
referred to lithium ion of 1 mol l−1 LiCl/D2O solution. The spin
lattice relaxation time, T1, was determined by inversion recovery
pulse sequence (180◦ pulse–�–90◦ pulse).

Cyclic voltammetry measurements were performed with a
three-electrode cell. The cell had a nickel plate (5 mm × 5mm) as
a working electrode, a lithium tip (2.5 mm × 5 mm) as a refer-
ence electrode, and a lithium foil (10 mm × 10 mm) as a counter
electrode. A P(CYAMEO)-based electrolyte film was sandwiched
with these electrodes. The similar cell configuration was reported
in our previous paper [16]. The voltammograms were recorded
with a computer-controlled potentiogalvanostat (HSV-100, Hokuto
denko) under Ar atmosphere (dew point was at −70 ◦C) at 55 ◦C.

3. Results and discussion

3.1. Structure of P(CYAMEO)-based electrolyte films
Ring-opening polymerization of 3-(2-cyanoethoxymethyl)-3-
ethyloxetane (CYAMEO) was performed with BF3·Et2O and
1,4-butanediol as an initiator system [11]. The structure of
P(CYAMEO), Fig. 1, was confirmed with NMR and FTIR measure-
ments. The number-averaged molecular weight of P(CYAMEO) was
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Fig. 2. X-ray diffraction patterns of P(CYAMEO) and P(CYAMEO)-based electrolyte
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lms P(CYAMEO)n(LiX)1, (a) P(CYAMEO), (b) n = 5, X = ClO4, (c) n = 10, X = ClO4,
d) n = 20, X = ClO4, (e) n = 40, X = ClO4, (f) n = 10, X = BF4, (g) n = 20, X = BF4, (h)
= 10, X = CF3SO3, (i) n = 20, X = CF3SO3, (j) n = 10, X = N(CF3SO2)2, and (k) n = 20,
= N(CF3SO2)2.

430 which is estimated from the NMR results. P(CYAMEO) has
hree possible sites which coordinate to lithium ions. One is a nitrile
roup in the side chains; others are oxygen atoms in ether moiety
n the main chain and the side chain, respectively.

Fig. 2 shows the X-ray diffraction patterns of P(CYAMEO) and
(CYAMEO)-based electrolyte films with various lithium salts. The
road peaks at around 16◦ (Fig. 2(a)) are attributed to the amor-
hous structure of the P(CYAMEO) matrix. The electrolyte film with
igher salt content (P(CYAMEO)5(LiClO4)1 film, Fig. 2(b)) shows
ome sharp peaks which are attributed to undissolved lithium salt.
he molinity of P(CYAMEO)5(LiClO4)1 is about 1.18 mol kg−1. The
lectrolyte films with lower salt content, the molar ratio of lithium
alt to repeating unit of P(CYAMEO) is 1/40, 1/20, and 1/10, have
o obvious sharp peaks which are attributed to lithium salts. This
ndicates that the P(CYAMEO) matrix is effective to dissolve lithium
alt.

Fig. 3 shows the expanded FTIR spectra from 2220 cm−1 to
320 cm−1 of P(CYAMEO) and P(CYAMEO)-based electrolyte films
ith various lithium salts, P(CYAMEO)10(LiX)1, X = ClO4, BF4,

ig. 3. Expanded FTIR spectra (from 2220 cm−1 to 2320 cm−1) of P(CYAMEO) and
(CYAMEO)-based electrolyte films, (a) P(CYAMEO), and P(CYAMEO)10(LiX)1, (b)
= ClO4, (c) X = BF4, (d) X = CF3SO3, and (e) X = N(CF3SO2)2.
Fig. 4. Expanded FTIR spectra (from 2220 cm−1 to 2320 cm−1) of P(CYAMEO) and
P(CYAMEO)-based electrolyte films, (a) P(CYAMEO), and P(CYAMEO)n(LiClO4)1, (b)
n = 40, (c) n = 20, (d) n = 10, and (e) n = 5.

CF3SO3 and N(CF3SO2)2. The peak at 2250 cm−1 of P(CYAMEO)
matrix is attributed to the stretch vibration mode of nitrile group.
The shoulder peak at 2275 cm−1 is observed in the P(CYAMEO)-
based electrolyte films with lithium salt. The appearance of the
new shoulder peak reflects the interaction between the lithium ions
and the nitrile group of P(CYAMEO) molecules. Similar shoulder
appearance is reported in polyacrylonitrile-based electrolyte films
[17,18]. The lithium ion has an empty orbit and the nitrogen atom in
the nitrile group has a pair of unbounded electrons. Therefore, the
lithium ion can bond with the nitrogen atom in the nitrile group and
the electron density changes after bond formation. For nitrile bond
carbon and nitrogen are conjugated with a triple bond and double
bond [19]. Adding a compound (lithium ions, in this case) capable
of bonding with nitrile causes the conjugated bond to disappear.
The carbon and nitrogen exist as a triple bond and the bonding
strength increases. Thus, the peaks at higher wave numbers would
appear. Variation of lithium salts (i.e. kind of anion) does not affect
the peak intensity at 2275 cm−1 in Fig. 3(b)–(e). This means that
the peak shift depends on the existence of lithium ions, not anion,
in the P(CYAMEO) matrix.

Fig. 4 shows the expanded FTIR spectra from 2220 cm−1 to
2320 cm−1 of P(CYAMEO) and P(CYAMEO)n(LiClO4)1 electrolyte
films (n = 5, 10, 20 and 40). All spectra are normalized with the
peak height at 2250 cm−1. The peak shift is observed with the
P(CYAMEO) electrolyte films with various lithium salt concentra-
tions. The peak intensity at 2275 cm−1 increases with increase in
salt concentration in the P(CYAMEO)-base electrolyte films. This
suggests that increase in the number of lithium ions in the matrix
enhances the number of the nitrile groups interacted with lithium
ions. Table 1 shows the results of area ratio of peak which is
attributed to the free nitrile and that is to the coordinated nitrile.
In the P(CYAMEO)5(LiClO4)1 electrolyte film ca. 46% of the nitrile
groups in the matrix interact with the lithium ions. The molar per-
centage of the lithium ions to the repeating units of P(CYAMEO) in
the electrolyte film is 17%. The number of the coordinated nitrile
groups to one lithium ion (Nc) is 2.7. In the P(CYAMEO)40(LiClO4)1
the Nc is 3.8. The coordination of one lithium ion to the some nitrile
groups supplies high dissolution performance of the P(CYAMEO)
matrix. The results suggest that the lithium ions in the P(CYAMEO)
matrix interact with the nitrile groups, mainly.

Figs. 5 and 6 show the solid state 7Li NMR spectra

of the P(CYAMEO)10(LiX)1, X = N(CF3SO2)2 or BF4, at var-
ious temperatures (from −30 ◦C to 50 ◦C). The spectra of
P(CYAMEO)10(LiN(CF3SO2)2) have a peak at ca. −1.2 ppm. Other
P(CYAMEO)-based electrolyte films with lithium salts, except for
LiBF4, shows similar spectra. The spectra of P(CYAMEO)10(LiBF4)1
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Fig. 5. Solid state 7Li NMR spectra of P(CYAMEO)10(LiN(CF3SO2)2)1 electrolyte films
under various temperature conditions.

Fig. 6. Solid state 7Li NMR spectra of P(CYAMEO)10(LiBF4)1 electrolyte films under
various temperature conditions.

Table 1
Peak fitting results of nitrile peak in P(CYAMEO)-based electrolytes,
P(CYAMEO)n(LiX)1.

Electrolyte Peak area ratio (%)

n X Coordinated nitrile Free nitrile

5 ClO4 46.4 53.6
10 ClO4 33.2 66.8
20 ClO4 18.1 81.9
40 ClO4 9.2 90.8

10 BF4 28.1 71.9
20 BF4 17.2 82.8

10 CF3SO3 30.4 69.6

20 CF3SO3 16.8 83.2

10 N(CF3SO2)2 35.7 64.3
20 N(CF3SO2)2 17.2 82.8

electrolyte film have two overlapping peaks as shown in Fig. 6,
especially higher temperature range (from 20 ◦C to 50 ◦C). The
results suggest that the lithium ions in the matrix exist in two differ-
ent chemical environments of P(CYAMEO) electrolyte with LiBF4 at
higher temperature (>20 ◦C). Detailed reason or mechanism is not
clear in our investigation.

Fig. 7 shows the temperature dependence of T1 of 7Li nuclear.
T1 curves with a well-defined T1 minimum (T1min) are observed
for all electrolytes. A approximately common slope on the low-
temperature side of the T1 minima and a common value of the
T1min were observed for all the P(CYAMEO)-based electrolyte films.
The results suggest that a diffusion mechanism of the Li ions in
the electrolyte is similar to each electrolyte films. Analysis of the
relaxation data based on Bloembergen–Purcell–Pound (BPP) model
is performed for the electrolytes [20]. The estimated K, �0, and Ea

are listed in Table 2. K depends on the particular spin interaction
responsible for the relaxation. �0 is the average dwell or “rattling”
time for a lithium ion in a potential well before hopping to a next
site. Ea is the activation energy. The K values for all electrolyte films
are 1.75–2.54 × 109 s−2. This suggests that spin interaction respon-
sible for the relaxation is very similar to each electrolyte films.

Larger �0 value is indicates the mobility of lithium ions is slower
in the matrix. The �0 value of P(CYAMEO)10(LiN(CF3SO2)2)1 elec-
trolyte film is smaller than those of other electrolyte films. This
suggests that the lithium ions in the P(CYAMEO)10(LiN(CF3SO2)2)1

Fig. 7. 7Li nuclear spin-lattice relaxation times (T1) for P(CYAMEO)-based elec-
trolyte films, P(CYAMEO)10(LiX)1, plotted as a function of inverse temperature,
open circle: X = ClO4, open square: X = BF4 (higher magnetic field peak), closed
square: X = BF4(lower magnetic field), open triangle: X = CF3SO3, and closed dia-
mond: X = N(CF3SO2)2.
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Table 2
T1 fitting parameters.

Electrolyte K (109 s−2) �0 (10−12 s) Ea (kJ mol−1)

P(CYAMEO)10(LiClO4)1 2.22 3.54 15.6

P(CYAMEO)10(LiBF4)1a 2.05b 4.97b 10.0b

2.50c 7.17c 13.4c

P(CYAMEO)10(LiCF3SO3)1 1.75 2.43 16.5
P(CYAMEO)10(LiN(CF SO ) )1 2.54 1.60 17.5
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Table 3
Glass transition temperature of P(CYAMEO)-based electrolyte films,
P(CYAMEO)n(LiX)1.

Electrolyte Tg (◦C)a

n X

5 ClO4 −18.7
10 ClO4 −18.6
20 ClO4 −16.0
40 ClO4 −12.3
10 BF4 −17.9
20 BF4 −16.1
10 CF3SO3 −18.2
20 CF3SO3 −18.5

conductivity for P(CYAMEO)n(LiClO4)1 electrolyte films. The con-
ductivity for the P(CYAMEO)-based electrolyte films increases with
3 2 2

a 7Li NMR spectra of the electrolyte have two peaks.
b Higher magnetic field peak.
c Lower magnetic field peak.

lectrolyte have higher mobility than in other P(CYAMEO)-based
lectrolytes.

.2. Conductivity of P(CYAMEO)-based electrolyte films with
arious lithium salts

As mentioned in previous section, the P(CYAMEO) matrix
an dissolve various lithium salts in it. The temperature
ependence of conductivity for P(CYAMEO)-based electrolyte
lms with various lithium salts is shown in Fig. 8. The
onductivity for P(CYAMEO)10(LiX)1 electrolyte film at 30 ◦C
s 19.6 �S cm−1 (X = ClO4), 6.59 �S cm−1 (BF4), 6.54 �S cm−1

CF3SO3), and 25.0 �S cm−1 (N(CF3SO2)2). The conductivity for
he electrolyte with LiClO4 and LiN(CF3SO2)2 is about 3–4 times
igher than that with other lithium salts. The conductivity for
ll P(CYAMEO)-based electrolyte films increase with elevation of
emperature. The conductivity at 70 ◦C is 0.74 mS cm−1 (X = ClO4),
.28 mS cm−1 (BF4), 0.29 mS cm−1 (CF3SO3), and 0.73 mS cm−1

N(CF3SO2)2). The conductivity is 30 times enhanced by elevation
f temperature. Glass transition temperature (Tg) of P(CYAMEO)
nd P(CYAMEO)-based electrolyte films are listed in Table 3. The
g of P(CYAMEO) is −13.5 ◦C. The Tg of P(CYAMEO)10(LiX) is
18.6 ◦C (X = ClO4), −17.9 ◦C (BF4), −18.2 ◦C (CF3SO3), and −20.6 ◦C

N(CF3SO2)2). Addition of lithium salt to P(CAYMEO) matrix do not
ncrease in Tg value of P(CYAMEO). Tg of polyethylene oxide (PEO)-
ased electrolytes is normally increases with increasing inorganic
alt content [21]. The cation-oxygen binding energy, which is the
riving force for salt dissolution, contributes to the increase in the

arrier to rotation of the polymer segments. The lithium ions in the
(CYAMEO) matrix do not have strong interaction with the oxygen
toms on the main chain of the matrix because of steric hindrance
f the ethyl groups on the main chain. Thus, increase in Tg of the
(CYAMEO)-based electrolytes is not observed.

ig. 8. Temperature dependence of conductivity for P(CYAMEO)-based electrolyte
lms with various lithium salts, P(CYAMEO)10(LiX)1, open circle: X = ClO4, open
quare: X = BF4, open triangle: X = CF3SO3, and closed diamond: X = N(CF3SO2)2.
10 N(CF3SO2)2 −20.6
20 N(CF3SO2)2 −13.5

a Tg of P(CYAMEO) is −13.5 ◦C.

VTF fitting was applied to P(CYAMEO)-based electrolyte films
with various lithium salts. The VTF expression is represented by

� = AT−1/2exp
[ −B

R(T − T0)

]
(1)

where A is the pre-exponential factor, which is related to the
number of charge carriers, B is the pseudo-activation energy of
ion transport, R is the gas constant, 8.314 J K−1 mol−1, and T0 is
defined as the temperature at which the configurational entropy
becomes zero, i.e., the disappearance of the free volume is complete.
The values of T0 are 50 K below the glass transition tempera-
ture, according to Adam–Gibbs analysis [22]. Fig. 9 shows the VTF
plots of the P(CYAMEO)-based electrolyte films and the param-
eters of VTF equation are summarized in Table 4. The A for
P(CYAMEO)5(LiClO4)1 electrolyte film is very large. This indicates
that the number of charge carrier in the electrolyte film is larger
than other electrolyte films. The B for the P(CYAMEO)-based elec-
trolyte films is in the range from 8.19 kJ mol−1 to 14.92 kJ mol−1.
The activation energy values estimated from the VTF equation
are almost comparable with the results from the NMR analysis
(Table 2).

Fig. 10 shows the relationships between salt molar fraction and
increase in salt molar fraction (from 0.024 to 0.091). Further addi-
tion of LiClO4 to the polymer matrix decreases in conductivity
for the electrolyte film (P(CYAMEO)5(LiClO4)1). X-ray diffraction

Fig. 9. Typical VTF fitting curves for P(CYAMEO)-based electrolyte,
P(CYAMEO)n(LiX)1, closed circle: n = 5, X = ClO4, open circle: n = 10, X = ClO4,
open square: n = 10, X = BF4, open triangle: n = 10, X = CF3SO3, and closed diamond:
n = 10, X = N(CF3SO2)2.
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Table 4
VTF parameters for the P(CYAMEO)-based electrolytes with various lithium salts,
P(CYAMEO)n(LiX)1.

Electrolyte VTF parameters

n X A (S cm−1 K1/2) B (kJ mol−1)

5 ClO4 8704.5 14.92
10 ClO4 90.7 10.14
20 ClO4 32.4 9.87
40 ClO4 3.7 8.82
10 BF4 22.4 9.77
20 BF 8.8 9.29

p
s
p

3
P

t
l
i
e

F
P
t
s

F
P

4

10 CF3SO3 31.7 10.09
20 CF3SO3 1.6 8.19
10 N(CF3SO2)2 54.4 9.80

attern for the electrolyte film suggests that some amount of undis-
olved lithium salt exists in it. The salt crystals prevent ions and
olymers moving in the electrolyte film.

.3. Electrochemical deposition and dissolution of lithium in
(CYAMEO)-based electrolytes
Electrochemical deposition and dissolution of lithium in an elec-
rolyte system is a key reaction for application of the electrolyte to
ithium metal secondary batteries. We demonstrated electrochem-
cal deposition and dissolution of lithium in the P(CYAMEO)-based
lectrolytes. Fig. 11 shows the cyclic voltammograms of a nickel

ig. 10. Plots as a function of the salt molar fraction of the conductivity for
(CYAMEO)-based electrolyte films, P(CYAMEO)n(LiClO4)1, measured at various
emperatures—open triangle: 20 ◦C, closed triangle: 30 ◦C, open square: 40 ◦C, closed
quare: 50 ◦C, open circle: 60 ◦C, and closed circle: 70 ◦C.

ig. 11. Cyclic voltammograms for a nickel plate in the
(CYAMEO)10(LiN(CF3SO2)2)1 electrolyte film at 55 ◦C, scan rate 1 mV s−1.
Fig. 12. Cyclic voltammograms for a nickel plate in the P(CYAMEO)10(LiX)1 elec-
trolyte film at 55 ◦C, scan rate 1 mV s−1, solid line: X = N(CF3SO2)2, dotted line: ClO4.

(Ni) electrode in the P(CYAMEO)10(LiN(CF3SO2)2)1 electrolyte film.
In anodic scan (from 0 V to −1 V vs. Li/Li+) increase in current is
attributed to the lithium deposition process on the Ni electrode.
Cathodic peak at 0.688 V vs. Li/Li+ which is due to dissolution of
lithium from the Ni plate is also observed. Similar electrochemical
response is observed in second potential scan.

Fig. 12 shows the cyclic voltammograms of a Ni electrode in
P(CYAMEO)10(LiX)1, X = ClO4 or N(CF3SO2)2, electrolyte film. Sim-
ilar electrochemical responses are observed in the electrochemical
cell with the electrolyte films. However, the current density in the
P(CYAMEO)-based electrolyte with LiN(CF3SO2)2 is lower than that
with LiClO4. This suggests that the P(CYAMEO)-based electrolyte
with LiN(CF3SO2)2 is more suitable for application to secondary
batteries.

4. Conclusions

We prepared the solvent-free polymer electrolyte films with
trimethylene oxide which are synthesized by ring-opening poly-
merization of the oxetane with nitrile group, CYAMEO. The
P(CYAMEO) matrix can dissolve various lithium salts, such as
LiClO4, LiN(CF3SO2)2.

The conductivity at 30 ◦C for P(CYAMEO)-based elec-
trolyte films, P(CYAME)10(LiX)1, is 19.6 �S cm−1 (X = LiClO4),
6.59 �S cm−1 (BF4), 6.54 �S cm−1 (CF3SO3), and 25.0 �S cm−1

(N(CF3SO2)2). The rise in temperature from 30 ◦C to 70 ◦C increases
their conductivity, about 30–40 times. The conductivity at 70 ◦C for
P(CYAMEO)-based electrolyte films is 0.742 mS cm−1 (X = LiClO4)
and 0.703 mS cm−1 (N(CF3SO2)2). Spectroscopic results suggests
that the lithium ions in the P(CYAMEO) matrix strongly interacted
with the nitrile groups not oxygen atoms in the matrix. Solid state
7Li NMR results suggest that the mobility of lithium ions in the
P(CYAMEO) matrix is affected with the kind of lithium salts.

The plating and dissolution of lithium on the nickel electrode
in the P(CYAMEO) electrolyte film with LiN(CF3SO2)2 are clearly
observed by cyclic voltammetry measurements. The P(CYAMEO)
electrolyte film with LiN(CF3SO2)2 is the suitable system, which
we prepared in this investigation, because of higher conductiv-
ity and better electrochemical response of lithium deposition and
dissolution on a Ni plate.
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