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Organic-inorganic hybrid electrolytes
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Sol-gel derived lithium salt (LiClO4) doped organic-inorganic hybrid electrolytes have been
obtained from the tetraethyl orthosilicate (TEOS) and poly(ethylene oxide) (PEO), propylene oxide
(PO), ethyl acetoacetate (EAA), propylene carbonate (PC), polyvinyl alcohol (PVA) precursors
and have been investigated for morphology and structural properties by SEM/EDS and FTIR
spectroscopy. The hybrid materials obtained were amorphous, with structural properties influenced
by organic ingredients which had been used, and with the ionic conductivities of 107#~107> Scm™'.
When used as electrolytes in the WOj; - based thin-film electrochromic coatings, they have proved
to be suitable for low-temperature electrochemical applications.
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1. Introduction

Solid-state electrolytes with high ionic conductivity of at least 107*~1073 Scm™! order
of magnitude at ambient temperatures have recently focused extensive research efforts,
because of their potential to be used in rechargeable lithium batteries and for
electrochromic displays and smart windows [1-6].

In the last years, the sol-gel process has been widely employed for synthesizing
amorphous materials, both inorganic and hybrid organic-inorganic with many
interesting properties due to appropriate additives introduced into sols, including
organic ingredients for organically modified ceramics (ormocers), silicate materials
(ormosils), and electrolytes (ormolytes), both in a monolithic and thin film form [7-12].
Among others, Mivakk et al. [10] have reported on sol-gel derived Nafion/silica
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hybrids, and NaAkaiMA et al. [11] on the high temperature proton conducting
organic/inorganic nanohybrids based on alkoxysilane and polyethylene oxide (PEO),
polypropylene oxide (PPO) and polytetramethylene oxide (PTMO) precursors,
cross-linked by isocyanato coupling, synthesized for polymer electrolyte membrane
fuel cells. Ormolytes of the silica-polyethylene glycol (PEG) system, with ionic
conductivities ranged from 10741072 Scm’l, have been studied by Dahmouche and
co-workers [9, 12].

In this work, organic-inorganic hybrid electrolytes have been synthesized from
tetraethyl orthosilicate (TEOS), polyethylene oxide (PEO), polyvinyl alcohol (PVA),
ethyl acetoacetate (EAA), propylene oxide (PO), propylene carbonate (PC), acetonitrile
(CH5CN), and dichloromethane (CH,Cl,) precursors, and have been investigated
for morphology and structural properties with the aim to determine the influence of
the organic components, especially those with a low molecular weight on structural
properties and ionic conductivity of the multicomponent organic-inorganic hybrids.

2. Experimental procedure

Components (at least of reagent grade, Merck and Aldrich) of the starting solutions
for gels under investigation are given in Table 1.

Silica components of the gels under investigation were produced by mixing TEOS
Si(OC,Hjs), and distilled water with the molar ratio of TEOS:H,O = 1:4. As a catalyst,

Table 1. Components of the starting solutions.

Sample Components Lithium salt/solvent/fraction Appearance,
remarks
A TEOS o colourless,
transparent
B TEOS, PVA®", EAA — colourless,
slightly opalescent
C TEOS, EAA LiCl0O,/PC/0.02 colourless,
transparent
TEOS, PVA™, EAA, . colourless,
D PO, PC LiClO,/ethanol/0.02 slightly opalescent
E TEOS, PVA", EAA, LiCI0,/PC/0.02 colourless,
ethanol transparent
F TEOS, PVA™, EAA LiClO,/ethanol/0.02 colourless,
slightly opalescent
TEOS, EAA, PEO, . colourless,
G CH,CN, CH,Cl, LiClo,/PC/0.02 transparent
TEOS, EAA, PEO, CH;CN, . colourless,
H CH,Cl,, PC LiClo,/PC/0.02 transparent
] TEOS, PVA", EAA, PEO, LiCI0,/PC/0.02 colourless,

CH;CN, CH,Cl,, PC slightly opalescent

*PVA with molecular weight M,, = 72 000; *"PVA with M,, = 145 000.
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36.6% HCl was added drop by drop until pH = 2 was reached. Solutions of the organic
parts were prepared separately, using PEO (-(CH,CH,0),—, M,, = 600.000), PVA,
EAA, PO (C3H(O, M, = 58.08), PC (C4H(O), dichloromethane (CH,Cl,), ethanol
(C,H5OH) and acetonitrile (CH;CN) precursors and solvents. Lithium perchlorate,
LiClO, in PC or ethanol was used for doping with a weight ratio of about 0.02 with
respect to mass of the fresh gel. Mass fractions of the organic ingredients were
calculated on ca 30 mass% in gels, at weight concentration of PEO, PVA, PO and/or
EAA equal to each other. The pairs of solutions were mixed and stirred for 1 hour
before being poured into plastic dishes. Gelation process has occurred within 1-3 days.
The samples were dried at ambient temperature for at least two weeks before being
heat-treated at temperature of 80°C for 3 hours.

Scanning electron microscopy equipped with energy dispersive X-ray spectroscopy
SEM/EDS, (JEOL JSM 5400 with LINK An 10/5) and IR spectroscopy (Bio-Rad
FTS-60VM FTIR spectrometer, KBr technique) were used for examination of
morphology and structure of the hybrids and pure silica gel obtained in this work.
A.c. conductivity was measured with RCL-meter (HIOKI 3532-50 RCL HiTESTER).

3. Results and discussion

The names, quality composition and appearance of the hybrid gels obtained and pure
silica gel prepared as reference for comparison, are given in Tab. 1. Figure 1 shows
typical SEM images (at magnification of 20000x) of the hybrid gels under
investigation. When examined using SEM/EDS, the morphology of the samples was
amorphous and homogeneous.

The spectroscopic FTIR investigation of the hybrid gels under investigation has
revealed the presence of absorption bands characteristic of silicon-oxygen bonds,

~2000 nm ~2000 nm

~2000 nm ~2000 nm

Fig. 1. SEM planar view images of hybrid gels (heated at 80°C): E (a), F (b), G (¢), J (d), H (e), A (f).
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Fig. 2. FTIR spectra of the organic-inorganic electrolytes (B-J) and pure silica gel (A).

organic groups, structural species connected to lithium bonding and molecules of water.
Results of the FTIR-analysis (Fig. 2, Tab. 2) are given for samples heated at 80°C,
because there were not revealed significant differences between the spectra of hybrid
gels taken before and after heating.

Spectra of gels (B) obtained from TEOS with PVA addition were similar to those
of pure silica gel and have indicated three fundamental bands characteristic of Si—O
vibrations (Si—O asymmetric stretching at about 1000 cm™!, Si-O-Si symmetric
stretching at about 800 cm™' and 0-Si-O bending (rock-mode) at about 450 cm™")
[13—16]. The presence of these bands, and especially the band at 800 cm™, indicates
significant degree of polymerization of the SiO, tetrahedrons network by means of
the oxygen bridges created. The particular vibrations of Si—O" origin (silicon bonded
to the non-bridging oxygen) have not been observed there within the framework of
the main band at 1000 cm™!. The bands of the organic parts origin were present in the
spectrum of the sample before heating and disappeared after heat-treatment. The spectra
of gels from TEOS with EAA and LiClO, (sample C), are also characteristic of
polymerized network of the SiO, tetrahedrons but evidently modified due to additives
being applied. The sharp band located at 782 cm™! in the spectra of this gel indicates
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the presence of the O—Si—CH; groups of the organic-inorganic co-polymers origin,
whilst the band at about 628 cm™' can be assigned to the organic species connected to
lithium. The evident splitting of the main absorption band, but observed in the higher
wave number range, can be connected with isolation of the vibrations from ClO,
groups. Besides disappearing of the bands from organic parts, no other differences
could be noticed between spectra of gel B before and after heating.

At the presence of the EAA, PO, PC and LiClO, (hybrid gel D), practically
no peaks corresponding to vibrations from the Si—O—Si bridges have been observed in
the spectra of samples, neither before nor after heating. This can be due to an effect of
PO and PC additives on an evident decrease in the TEOS poly-condensation reaction.
Thus, there in this hybrid gel, the isolated SiO, tetrahedrons would be the dominant
units in its structure.

The characteristic bands, observed in the spectra of hybrid gels under investigation,
correspond to vibrations of Cl1O, groups (1078-1120 cm™!), C—H in the CH, CH, and
CH; groups (2939-2991 cm ™!, 1338-1391 ecm ™), C=0 (1791 cm™') and OH groups in
the H,O molecules (3421-3500 cm 1), respectively [13—19]. It can be concluded from
the absorption spectra of the sample E that increasing of the ethanol and TEOS amounts
in the sols instead of PO and PC, results in obtaining spectra with distinct bands at
452,784 and 1079 cm™', characteristic of silicon-oxygen network being composed of
the SiO, tetrahedrons bonded to each other by Si—O-Si bridges. The absorption bands
of the organic species and of molecular H,O origin are also present in the spectra of
this hybrid gel. Similar situation, indicating PVA and EAA as organic additives
favourable to the reaction of TEOS poly-condensation, takes place in case of sample F.
The opposite effect, occurring as a deficiency of distinct bands of the Si—O—Si bridges
origin in the spectra of sample G, seems to be connected with the addition of PEO at
EAA presence. However the addition of PEO together with PC (sample H) has not
negatively affected TEOS poly-condensation ability and creation of the Si—O-Si
network. Suppression of the TEOS poly-condensation reaction has also occurred in
case of the sample J with more complex matrix, obtained from sols containing PVA,
EAA, PEO and PC, although in the spectra of this gel the band at approximately
790 cm™!, commonly assigned to Si—O—Si vibrations and overlapped by the sharp band
from O—Si—CHj; groups, appears after heating [13-16].

A.c. measurements of the ionic conductivities at room temperature for the hybrid
electrolytes obtained have revealed values ranging from 10 order of magnitude
(samples E and J) to (1.1-7.3)x107> Sem™" for samples F,G, D and H (the highest
value). Additionally, the hybrid gels obtained in this work were also coated onto glass
sheets with thin films of (SnO,:F) and WO;, WO;-TiO, and NiO, respectively, and
used as electrolytes in the symmetric electrochemical cells of the electrochromic
window arrangement at plus/minus polarized d.c. potential of 1.5 V, applied through
potentiostat/galvanostat. All the hybrid gels under such examination have proved to
be effective in the reversible colouring and bleaching of the WO; and WO;-based
electrochromic coatings.
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4. Conclusions

Effects of the organic additives and lithium salt doping on morphology and structure
of the hybrid organic-inorganic sol-gel derived electrolytes were studied by SEM/EDS
and Fourier transform (FTIR) spectroscopy. With the results from the FTIR spectra,
it can be stated that:

— the favourable effect on the TEOS poly-condensation possibility was observed
for hybrid electrolytes with PVA and EAA additives and also for hybrids with
enhanced content of TEOS together with ethanol;

—the influence of the low molecular weight organic additives on structure of
the hybrid electrolytes obtained in this work seems to be significantly more complex
than plasticizing behaviour observed in the polymer electrolytes based on poly-ethers
[20-22].

The most likely this influence can be assigned to the incorporation of the functional
groups of the organic species into the TEOS derived network, connected with
formation of the strong chemical bonds. Differential affecting of the polymerization
reactions in the framework of TEOS-based sols due to organic additives introduced,
results in different bonding states and consequently, different structural conditions for
ionic charge carrier motions and ionic conductivities [23, 24].
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