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bstract

In this presentation we describe the preparation of solvent-free solid polymer electrolytes (SPEs) by the sol–gel route with the incorporation of
ontrolled quantities of lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) into the host matrix. The host framework of these xerogels, designated
s di-ureasils and represented by d-U(900), contains oxyethylene oligomers with about 15 repeat units bonded at each end to a siliceous backbone

hrough urea bridging links. Electrolytes were characterized by ionic conductivity measurements, cyclic voltammetry at a gold microelectrode
nd thermal analysis. The results obtained reveal that these hybrid materials are completely amorphous and exhibit appropriate electrochemical
haracteristics for a variety of applications.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The technological advances in mobile telephones, laptops and
oth hybrid and plug-in electric vehicles have been closely fol-
owed by the development of high-performance portable energy
ources. Lithium-ion batteries are particularly well-adapted as
nergy sources for a wide variety of devices, offering relia-
ility and appropriate performance levels of critical operating
arameters [1–4].

A sub-class of SPEs, designated as ormolytes (organically
odified electrolytes), has attracted particular attention. The

ol–gel synthetic strategy offers an extremely flexible route to
ybrid organic–inorganic materials from reactive, high-purity
olecular precursors under mild reaction conditions and pro-

ides a method by which the properties of target molecules can
e tailored by fine-tuning the synthetic procedures [5,6]. The

esulting hybrid materials may find applications in a variety of
evices including advanced batteries, sensors, electrochromic
isplays, smart labels and windows. Hybrid network structures
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ased on di-ureasils have already been shown to be well-suited
s multi-functional components (electrolyte, separator, adhesive
nd sealant) in electrochromic devices and their good mechani-
al, chemical, thermal and electrochemical properties may also
ake them an appropriate choice for application in advanced

atteries.
The encouraging ionic conductivity reported for previ-

usly characterized polymer electrolyte systems incorporating
i+ ions prompted us to study a series of LiTFSI-doped
oly(oxyethylene) (PEO)/siloxane xerogels with potential appli-
ation as electrolytes in the manufacture of advanced batteries.

. Experimental details

.1. Materials

Lithium bis(trifluoromethanesulfonyl)imide was dried under
acuum at 190 ◦C for 7 days and then stored in a high
ntegrity, dry argon-filled glovebox. This procedure was
pplied to establish the initial anhydrous state of the lithium

alt. The O,O′-bis(2-aminopropyl) polyethylene glycol (com-
ercially available as Jeffamine ED-900®, Fluka, average
olecular weight 900 g mol−1) was dried under vacuum at

5 ◦C for several days prior to use. The bridging agent, 3-

mailto:nini@quimica.uminho.pt
dx.doi.org/10.1016/j.jpowsour.2008.01.057
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socyanatepropyltriethoxysilane (ICPTES, Aldrich 95%), was
sed as received. Ethanol (CH3CH2OH, Merck, 99.8%) and
etrahydrofuran (THF, Merck, 99.9%) were dried over molecular
ieves. High-purity distilled water was used in all experiments.

.2. Sample preparation

The preparation of Li+-doped di-ureasils has been
escribed in detail elsewhere [7,8]. The procedure used
or d-U(900)nLiTFSI involved grafting a diamine containing
pproximately 15 oxyethylene repeat units onto the ICPTES
recursor, to yield the di-urea-bridged hybrid precursor. This
aterial was subsequently hydrolyzed and condensed in the

ol–gel stage of the synthesis to induce the growth of the siloxane
ramework (Scheme 1).

Step 1—Synthesis of the di-ureasil precursor, d-UPTES
900): 2.0 g of Jeffamine ED-900® was dissolved in 10 mL of
HF with stirring. A volume of 1.097 mL of ICPTES was added

o this solution in a fume cupboard (molar proportion of 1 Jef-
amine ED-900®: 2 ICPTES). The flask was then sealed and
he solution stirred for about 12 h at approximately 40 ◦C. A
rea-bridged organic–inorganic hybrid intermediate, designated
s di-ureapropyltriethoxysilane (d-UPTES(900)), was obtained
nder these conditions. The grafting process was followed by
nfrared monitoring.

Step 2—Synthesis of the di-ureasil xerogels, d-U(900)n
iTFSI: A volume of 1.038 mL of ethanol, a known mass of
nhydrous LiTFSI and 0.120 mL of water were added to the
-UPTES(900) solution prepared in the previous step (molar
roportion of 1 ICPTES:4 ethanol:1.5 H2O). The mixture was

b
s
m
m

Scheme 1. Synthetic procedure of th
r Sources 180 (2008) 607–611

tirred, at room temperature, in a sealed flask for approximately
0 min and then decanted into a Teflon® mould, covered with
perforated membrane of Parafilm® and stored in a fume cup-
oard for 24 h. The mould and contents were then transferred
o an oven at 50 ◦C and the sample was aged for a period of 3
eeks. A final aging treatment of 1 week at 80 ◦C completed the
reparative process.

.3. Measurements

.3.1. Thermal analysis
Electrolyte sample sections were removed from dry films and

ubjected to thermal analysis under a flowing argon atmosphere
etween −60 and 300 ◦C and at a heating rate of 5 ◦C min−1

sing a Mettler DSC 821e. All samples were presented for anal-
sis in 40 �L aluminium cans with perforated lids to permit the
elease and removal of decomposition products.

Samples for thermogravimetric studies were prepared in an
dentical manner, transferred to open platinum crucibles and ana-
yzed using a Rheometric Scientific TG 1000 thermobalance
perating under a flowing argon atmosphere. A heating rate of
0 ◦C min−1 was used to analyze all the di-ureasil samples.

.3.2. Impedance spectroscopy
Total ionic conductivities of electrolyte samples were deter-

ined using a constant volume support [9] equipped with gold

locking electrodes and located within a Buchi TO 50 oven. The
ample temperature was evaluated by means of a type K ther-
ocouple placed close to the electrolyte film and impedance
easurements were carried out at frequencies between 96 kHz

e d-U(900)nLiTFSI ormolytes.
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nd 500 mHz with a Solartron 1250 FRA and 1286 ECI, over a
emperature range of 20–100 ◦C. Measurements of conductiv-
ty were effected during heating cycles. The reproducibility of
ecorded conductivities was confirmed by comparing the results
btained for a sample subjected to two heating–cooling–heating
ycles. This procedure demonstrated the correct operation of the
upport and the mechanical stability of the samples.

.3.3. Electrochemical stability
Evaluation of the electrochemical stability window of elec-

rolyte compositions was carried out under an argon atmosphere
sing an assymetrical two-electrode cell configuration. The
reparation of a 25 �m diameter gold microelectrode sur-
ace, by polishing with a moist cloth and 0.05 �m alumina
owder (Buehler), was completed outside the drybox. The
icroelectrode was then washed with THF (Aldrich, 99.9%

nhibitor-free), dried with a hot-air blower and passed through a
urged transfer port into the drybox. The cell was assembled
y locating a freshly cleaned lithium disk counter electrode
cut from Aldrich 20 mm wide ribbon 99.9%, 19 mm diame-
er, 0.75 mm thick) onto a stainless steel current collector and
entering a disk of electrolyte on the clean electrode surface.
he microelectrode was then positioned on the electrolyte sur-

ace and supported firmly by means of a clamp. An Autolab
GSTAT-12 (Eco Chemie) was used to record voltammograms
t a scan rate of 100 mV s−1. Measurements were performed
ver a programmed voltage range at room temperature, within
Faraday cage.

. Results and discussion

.1. Thermal behavior of electrolytes

The results of thermal analysis of the d-U(900)nLiTFSI elec-
rolytes are illustrated in Fig. 1. No endotherms associated with
ither the fusion of oxyethylene chain segments or the evapo-
ation of water or ethanol were observed, which allows us to

onclude that the samples with n ranging from 200 to 5 are
ompletely amorphous. At high salt concentration (n = 0.5) an
ndothermic peak is observed at approximately 150 ◦C. Given
he absence of weight loss over the relevant temperature range

Fig. 1. DSC thermograms of selected d-U(900)nLiTFSI di-ureasils.
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Fig. 2. TGA curves of selected d-U(900)nLiTFSI di-ureasils.

his sharp, symmetrical, endothermic peak has been attributed
o the fusion of a salt–polymer complex. Other examples of
omplex fusion over a similar temperature range have already
een reported for di-ureasil systems based on lithium salts
10].

The onset of thermal decomposition was estimated by
xtrapolation from thermogravimetric analysis curves (Fig. 2).
he lowest decomposition temperature observed with the
-U(900)nLiTFSI system was registered for the n = 40 compo-
ition (358 ◦C), which indicates that this di-ureasil system is
ore stable than corresponding d-U(900)nLiClO4 ormolytes. It

s evident that the presence of the guest salt destabilizes the poly-
er matrix, however there is apparently no direct relationship

etween the onset of weight loss and the amount of salt present
n the electrolyte. This situation is similar to that observed with
lectrolytes of other di-ureasil systems [11,12].

The glass transition temperature, Tg, can be defined as the
emperature at which the polymer chains in the amorphous phase
egin segmental motion [13]. Fig. 3 illustrates the variation of Tg
or selected compositions of the d-U(900)nLiTFSI electrolytes.
he incorporation of guest salt leads to an increase in Tg, which
eans that the electrolyte sample becomes less flexible. Com-
ositions with the highest salt content (n = 0.5 and 1) presented
oor mechanical properties, an aspect that in practical devices
imits the usefulness of the electrolyte.

ig. 3. Comparison of variation of Tg and ionic conductivity of the electrolyte
ystem (30 ◦C) as a function of composition.
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Fig. 7 shows a typical voltammogram of the xerogel material
Fig. 4. (a) and (b) Variation of conductivity of se

.2. Ionic conductivity of electrolytes

Fig. 4 shows the variation of d-U(900)nLiTFSI polymer elec-
rolyte conductivity as a function of temperature and confirms
hat the most conducting composition of this system is d-
(900)15LiTFSI which reaches 7.6 × 10−5 �−1 cm−1 at 95 ◦C.
t room temperature the composition with the highest conduc-

ivity is d-U(900)25LiTFSI (2.9 × 10−6 �−1 cm−1). It is also
lear that the materials characterized in this study show a non-
inear variation of log conductivity with 1/T in the range between
5 and 100 ◦C. This behavior is characteristic of amorphous
olymer electrolytes. The conductivity isotherms of this elec-
rolyte system are illustrated in Fig. 5 and confirm that ionic
ransport in this hybrid electrolyte system is almost independent
f the salt content over a wide range of composition. The broad
onductivity maxima is located between n = 15 and 25. Further
ncrease in salt content beyond about n = 15 results in a decrease
n total ionic conductivity. This observation is consistent with a
ecrease in the flexibility of the host polymer chain segments,
onfirmed by an increase in Tg of the electrolyte matrix. As

he mechanism of ion transport in amorphous polymer elec-
rolytes is dependent on the motion of polymer chain segments,
he ionic conductivity is expected to decrease with an increase

ig. 5. Isothermal variation of ionic conductivity of d-U(900)nLiTFSI di-
reasils.

w
t

F
U

d-U(900)nLiTFSI di-ureasils with temperature.

n Tg (Fig. 3). The observed increase in Tg at lower values of n
an be explained by the increase in number of bridging interac-
ions that take place between adjacent polymer chains and guest
alt species, generally designated as “ionic crosslinking”. As
he guest species concentration increases in the polymer elec-
rolyte, the formation of associated ionic species (e.g., contact
on pairs, triplets or higher ion aggregates) also increases and
s these aggregates may be expected to show lower mobility
han dissociated ions, this effect also contributes to the observed
eduction in the electrolyte conductivity.

Fig. 6 compares the ionic conductivity of two di-ureasil sys-
ems with the same host matrix [11]. While at temperatures
igher than 60 ◦C d-U(900)nLiClO4 ormolytes are more con-
ucting than comparable d-U(900)nLiTFSI materials, at lower
emperatures the difference is negligible and LiTFSI is a better
hoice for safety reasons.

.3. Electrochemical stability
ith composition n = 20. The electrochemical stability range of
he lithium-doped di-ureasils was determinated by microelec-

ig. 6. Comparison of ionic conductivity of d-U(900)nLiTFSI and d-
(900)nLiClO4 di-ureasils.



P.C. Barbosa et al. / Journal of Powe

F
g
r

t
a
s
c

4

d
h
e
o
t
d
F
o
m
o
a
a
h
t
p
l
s
p
d
S

w
m
m

r
m
s
c
a
s
o
o
a
o

A

v
e
S

R

[

[

[

[

ig. 7. Voltammogram of d-U(900)20LiTFSI electrolyte at a 25 �m diameter
old microelectrode versus Li/Li+. Initial sweep direction is anodic and sweep
ate is 100 mV s−1.

rode cyclic voltammetry over the potential range between −2.0
nd 6.5 V. The onset of the current at 5.0 V shows an acceptable
tability window of the d-U(900)nLiTFSI system and therefore
onfirms applicability in various electrochemical devices.

. Conclusions

The results obtained in this study of a novel lithium-ion con-
ucting polymer confirm that the electrolyte system described
as moderate levels of conductivity and good thermal and
lectrochemical stability. In practical devices, such as primary
r secondary lithium cells, high ionic conductivity and elec-
rochemical stability are of paramount importance, however
imensional stability is also a critical performance parameter.
or application in commercial devices the dimensional stability
f the electrolyte should be comparable to that of porous polymer
embranes currently used as battery separators. The preparation

f a conventional polymer electrolyte (defined in this context as
n ion-conducting matrix composed of one or more polymers
nd an ionic guest salt [14]) that satisfies all the relevant criteria
as proved to be an elusive goal. In view of the influence that
he components of the polymer chain have on the mechanical
roperties, and on the ionic transport in the electrolyte, it seems
ikely that the conductivity maximum in polymer electrolyte
ystems may be limited to about 10−4 �−1 cm−1 at room tem-
erature [15]. In spite of the considerable effort that has been
edicated to the search for high-performance electrolytes, few
PE electrolytes have exceeded this limit.
In different applications, such as optical displays, smart
indows or time-lapse labels, other aspects of electrolyte perfor-
ance may assume importance. Electrolytes with appropriate
echanical characteristics, that function as a combined sepa-

[

[

r Sources 180 (2008) 607–611 611

ator/adhesive/sealant component in a thin, multi-layer device
ay also be of interest. In exploratory studies the electrolyte

ystem described performed satisfactorily as a multi-functional
omponent in a prototype optical device with encouraging char-
cteristics. In this case optical transparency, an aspect of no
ignificance in battery applications, was also favorable. In view
f the advantage that the sol–gel method offers in optimization
f the composition and properties of hybrid materials, further
ttention is being devoted to improving various properties of the
rmolytes presented.
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