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Sol-gel derived Li-ion conducting polymer electrolytes
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Organic-inorganic hybrids have recently become a remarkable family ophmar polymer materi-
als with promising potential applications. In the present study, sol-gel derived organic-inorganic hybrid
electrolytes doped with lithium salts (LiCl, LiCfpDwere produced from inorganic and organic precursors
such as tetraethyl orthosilicate, poly(ethylene oxide), poly(ethylene glycol), propylene oxide, propylene
carbonate, ethylene glycol, and 1,2-propylene glycol. The hybrid electrolytes were obtained in the form of
flexible or glassy materials depending on the composition and heat treatment temperature (ranging from
80 to 125°C). The morphology, structure and elemental chemical composition of the electrolytes ob-
tained were examined by scanning electron microscopy equipped with energy dispersive X-ray spectros-
copy (SEM/EDS), FTIR spectroscopy, and X-ray diffraction (XRD). Infrared spectroscopy and SEM
observation results indicate that the structural properties of the synthesized materials are significantly
influenced by organic additives and the sol-gelparation procedure. THermation of organic group
—O-Si linkages was confirmed by infrared spectrdlinfahe electrolytes obtained. The results of FTIR
analysis are in a good agreement With and*H MAS NMR spectroscopy measurements performed for
the hydrolysed sols immediately before the gel transformation process and at early gel stages. These
results have revealed an enhanced duration of the cross-linking process in the species prepared with low
molecular mass glycols. Cells in an electrochromic window arrangement were prepared in order to ob-
serve the photometric and cyclic voltammetry characteristics of thin-film electrochromic systems with the
investigated hybrid materials employed as electrolytes. The results indicate that the inorganic-organic
hybrids synthesized in this work are promising etgytes for thin film eleabchromic systems based on
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1. Introduction

The development of high conductive solid electrolytes for applications in ad-
vanced electrochemical amghtoelectronic devices such as lithium rechargeable bat-
teries and electrochromic windows and digplahave recently focused extensive re-
search efforts on materials with higinic conductivity at low temperatures [1-4].

Polymer electrolytes based on complexes of poly-ethers with alkali metal salts and
especially poly(ethylene oxide) (PEO) which act as host matrices for lithium salts
have been extensively studied for suchligpgons in light of their advantageous
chemical and mechanical resistance and le@econtact with electrode materials.
The main disadvantage of using polymezatlolytes in electmic and optoelectronic
devices is their relatively high conteot crystalline phases resulting in low room-
temperature ionic conductivity. Low-tempéure ionic conductivity in polymers is
known to be almost exclusively dependentthe mobility of ionic charge carriers in
the amorphous regions and due to this, much research effort has been directed towards
the possible enlargement of amorphous plwasgent in polymer electrolytes [5-7].

In recent years, there have been reports on so-called composite polymer electrolytes
with ionic conductivity improved due to éhaddition of liquid plasticisers and/or
application of solid fillers, advantageousty the form of fine ceramic particles [8—

10]. Such modifications opolymer electrolytes morphology have proved to be an
effective way to suppress the tendency for crystallization. It seems to be more suit-
able, however, for rechargeable fuel cefiher than electrochromic window systems,
which are required to be transparent arghlyi colourless in the bleached state [1-4,

11].

On the other hand, transparent amorphous materials, both in monolithic and thin
film forms, can be relatively easily obtained by using a sol-gel method [12—14]. The
organic modification of glasses and the otbalrgel derived materials is possible, as
sol preparation and the sol-gel process @edcat ambient and negligibly increased
temperatures, respectively. Due to, a great number of organic additives were success-
fully incorporated into gelérom the solutions containing gel precursors in mixtures
with the organic compounds [15-22]. Sol-gel ms& have proved to be a useful tool
for obtaining new families of organicallyodified ceramics (ormocers) and silicate
materials (ormosils), as well as organicaiigdified electrolytes (ormolytes) in which
organic groups can be included eitherthg co-polymerisation of organic monomers
with metal alkoxides or by the co-comdation of modifiedalkoxides [17-22].
Among others, Malzbender et al. [15] haeported on organic-inganic hybrid coat-
ings for float glass, where the coating fluid contained methyltrimethoxysilane
(MTMS). Georgi et al. [16]have studied the influeacof glutardialdehyde, 3,4-
dimethoxybenzaldehyde, and aminocaproid additives on the properties of sol-gel
layers derived from tetraethoxysilane (TEOS).

The sol-gel method has also proved tocabeexcellent process for preparation of
silica- or silica-based gels. Silica gelsntain a large number of micro-pores, which
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makes them useful in many various kgations [23—25]. In addition, the pore struc-

ture and size can be controlled by the patameof the sol-gel process, such as the
atmosphere and rate of solvent evaporatioring the first stages of drying and pa-

rameters during subsequent heat treatment.

Porous gel materials can trap or be edfligd and/or processed with liquids and
gases. Matsuda et al. [26] have studissl proton conductivity of sol-gel derived po-
rous silica gels impregnated with sulphuaicid. On the other hand, it is known that
polymers with incorporated liquid electrolgtei.e. containing plasticisers or porous
gelled polymer electrolytes, generally ebihiionic conductivity at room temperature
being about 1§ S-cm* higher than that of “dry” polymer electrolytes (such as PEO
-lithium salt solid complexes). Matrices bybrid electrolytes or those derived from
porous silica gels can be expected to tamuid phase with dissolved lithium salt.
Due to this, such systems can be considarexnsist of a liquid electrolyte dispersed
in a solid matrix, with the lithium and cowntions migrating throughout the solvent
[27].

Many kinds of polymers have been propoasdtomponents of gel polymers and sol-
gel derived hybrid electrolytes, includiqmplyacrylonitrile (PAN), poly(ethylene oxide)
(PEO), poly(tetramethylene oxide) (PTM@ply(methyl methacrylate) (PMMA), poly-
ethylene glycol (PEG), polypropylene ghyqPPG), poly(vinylidene fluoride) (PVDF),
some network polymers prepared by croskitig reactions, and mixtures of polymers
from these two groups [28—-31]. Among teawrganic compounds, polyether polymers
have a favourable feature of being miseilvith many kinds of liquid electrolytes
used in Li batteries [29, 31]. In additiothe preparation of hybrid gel electrolytes
with polyethers as organic parts is relatweasy. Dahmouche et al. [32, 33] have
investigated two families of Liconducting ormolytes. The first family, with ionic
conductivity higher than T6Sm™ at room temperature and exhibiting chemical
bonds between the organic and inorgapi@se, was obtained from a mixture of
3-isocyanatopropyltriethoxysilane, OsQis-(2-aminopropyl)-polyethylene glycol (or
0,0-his-(2-aminopropyl)-polypropylene glycol, and lithium salt. In the other family,
prepared by ultrasonic or traditional sol-geocesses from the mixture of tetraethyl
orthosilicate (TEOS), polyethylene glycol (PEG), and lithium salt (Li|@e or-
ganic and inorganic parts were not cleatly bonded and ionic conductivities of up
to 10° Sm™ were obtained at room rtwerature with a silica-PEg System
(PEG/TEQOS = 40% in weight). Chaker @t [34] have reported on siloxane-poly-
(propylene oxide) (PPO, with 2000 and 400@@/ molecular weight) hybrid electro-
lytes doped with sodium perchlorate (Na@lQobtained by the sol-gel method and
exhibiting the ionic conductivity of 8d0* Scm™ at room temperature. Poly-
(ethylene oxide)-based gel-type polymer electrolytes doped with lithium perchlorate
(LiClO4), containing nanoscale-fumed Si@ispersed in acetonitrile and showing
ionic conductivity higher than I¥&cm™ at room temperature have bedtained by
Aihara et al. [35].

In general, organic-inorganic hybrids have proved to be a remarkable family of
amorphous polymeric materials with promising potential applications.
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The goal of this work was to obtain sy derived organic-inorganic hybrid elec-
trolytes doped with lithium salt (LiCl, LiCI¢). The electrolytes were produced from
solutions containing tetraethgrthosilicate (TEOS) as a@norganic precursor of SO
gels and poly(ethylene oxide) (PEO) or pelyylene glycol) (PEG), together with
propylene oxide (PO), propylene carbonat€)(Rethylene glycol (EG), and 1,2-pro-
pylene glycol (PG) as low-molecular-whigorganic additives. The structural proper-
ties of the organic-inorganic hybrids werempared with those of lithium doped or
pure (without lithium salt doping) silica gels prepared under the same conditions and
using the same sol-gel procedure employedhtaining the inorgaic parts of hybrid
electrolytes.

2. Experimental

Based on earlier results for the same solgetedures [28], the sols for preparing
silica gels were produced by mixing TEOS Si¢gBi§), (Merck), distilled water, and
36.6% HCI as a catalyst. HCI was added drop by drop until pH = 2 was reached. Two
receipts were used: the first, for PEO-comitag sols, with the volume ratio of TEOS
.distilled water:ethanol being 1:1:2.5, and thbeot for sols with glycols, with the
molar ratio of TEOS:distilled water being 1:4. Solutions of PEO-(EHO), (nomi-
nal molar weightv,, = 600 000, Aldrich) in organic sents (dichloromethane, etha-
nol, or acetonitrile ¢43N), and aqueous or ethanol smos of poly(ethylene glycol)
(nominal molar weigh,, = 6000 or 15 000, Fluka, Aldrichespectively) with appropri-
ate additives (Table 1) of propylene carbonate Rd,@ (Merck), propylene oxide PO
CsHsO (M,, = 58.08, Merck), ethylene glycol EG HQO).H (M,, = 62.08, Merck),
1,2-propylene glycol PG GHCH(OH)-CHOH (M, = 76.10, Fluka), and lithium salts
(LiClO4 or LiCl, Merck) with a weight ratiof about 0.02 and 0.03 with respect to the
mass of fresh gels were used.

The chemical components and solvents eygd were of at least reagent grade.
The salts for doping, before being added to the solution of TEOS or to the mixtures of
TEOS with other components, were dissoliredhe entire calculated amount of wa-
ter, ethanol, or PC. The sols containingOE& were vigorously stirred for about one
hour before being mixed with the polymetwgmn, and the resulting sols were stirred
for the next 2.5-3.0 hours at the temperatures in the range of 30;-5&til the end
of the hydrolysis reaction, namely af@bout 30 minutes. The mass fractions of the
organic additions were calculated with redgecthe resulting content of organic part
in the gels of about 20 wt. %, with wéigconcentration oPEO or PEG to low-
molecular-weight organic additives equal 1, and molar ratio of low-molecular-
weight monomers equal to 1.

The solutions of TEOS and polymers wéppropriate solvents, before being used,
were first stirred for 2 days and then baked and degassed by vacuum heatif@ at 50
for 3—4 hours.
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Table 1. Components of the starting solutions (quality composition) of the investigated gels

Sample Components/solvents Salt/fractiko Appearance, remarks

R TEOS LiCIQ/PC/0.03 silica glass, colourless, completely transparent

O TEOS, 1,2-PG, PC LiCl/ J@ /0.02| organic glass, colourless, completely transparent

S TEOS, PEO/CKCN, PC, PQLiCIO,/PC/0.03 organic glass, slightly opalescent, colourless

Y TEOS, PEG (6000)/pD LiCIO,/PC/0.02 organic glass, slightly opalescent, colourless|
TEOS, PEG(15000)/Cil,, | . . .

T 1,2-PG, PO, PC LiCl /H,0/0.03| organic glass, colourless, transparent

X TEOS, EG, 1,2-PG LiCIgPC/0.03 organic glass, colourless, completely transpgrent
TEOS, PEG (15000), . . .

4 PEO/CHCL,, 1,2-PG LiCl /H,0/0.02 | organic glass, slightly opalescent, colourless

No precipitations or liquid remains weobserved in the organic-inorganic materi-
als after gelation was complete. All the gelsained were kept in closed containers
for two weeks and then driddr a week at ambient temperature and for three hours in
an electric drier at 80—-12%. The same treatment was applied to gels prepared as
thin layers, by casting immediately onto ggasheets coated with thin films of SO
and WQ or NiO. They were then used as sparent electrolytes in the electrochemi-
cal cells of an electrochromic window, aneithsuitability for such applications was
examined. Thin electrochromic films of W@nd NiO on glass were obtained by py-
rolysis at the temperatures in the range of 750-°8)Qusing acetylacetonates of the
appropriate metals as precursors. The detaitecedures of metal oxide film prepara-
tion have been described earlier [36].

The morphology, elemental chemical qmusition, and crystalline character of the
hybrid electrolytes and silica gels obtained in this work were examined by SEM/EDS
using scanning electron microscopy (IECSM 5400) equipped with energy disper-
sive X-ray spectroscopy (LINK An 10/5hd X-ray diffraction (XRD 7, Seiffert dif-
fractometer). Structural properties weradntigated with FTIR spectroscopy (BIO-
RAD FTS 60 VM, on samples prepared by the KBr pellet technidi@)'H MAS
NMR (Bruker AMX 500 spectrometer) measurements were made for sols at three
stages (two days after preparing the migtyrand subsequently a week and two weeks
later). Spectral transmittance (UV/VISRII Jasco-570 spectrometer) and current-
voltage (CV) characteristics were recordedsystems consisting of two glass sheet-
scoated with metal oxides and layers of igbrid electrolytes under investigation in
an electrochromic window arrangement. The ¥@d NiO thin metal films and elec-
trolyte layers, as measured with a “Tagy®’ (Taylor Hobson) stylus microprofilome-
ter, were about 140 nm and 170 nm thick, respectively, while the layers of electrolytes
were about Gum thick. Transparent electrodes regrepared with their conductive
paths coated with Ag-paste on the face side. The electrodes were placed along one
edge of the sample, but opposite to each other and with platinum wires fixed to the
paths with Ag-paste. When sandwiched wéth examined electrolyte, all the cells
under investigation were sealed around the edges with silicon sealant. Low voltage
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() polarized d.c. potential was appliedth@ cells through a potentiostat/galvanostat

as the power source. A rectangular pulse of current was supplied using a galvanostat
and a pulse generator. The d.c. electrical conductivity was measured by using
domestically set equipment, with a potesta and four-poinprobe included. The
current and potential differences for each pair of contacts between the probe and ex-
amined sample were monitored with a high impedance (larger than 1Qp@arkme-

ter and voltmeter. Specific surface area and porosity were measuredaldga¥iption

at 77 K, using the BET and BJH equations, respectively).

3. Results and discussion

The names and appearance of the hybrid gel materials obtained are given in Ta-
ble 1. The hybrid gels and silica gels pasgd in order to compare their properties
with those of hybrids were obtained iretform of the monolithic, colourless trans-
parent discs with various thicknesses and diameters in the range of 20-50 mm. The
hybrid materials were also obtained ire ttorm of thin layers, immediately cast on
glass coated with electrochromic thin megzide films. All the obtained hybrid elec-
trolytes proved to be amorphous underDXBxamination. The XRD patterns of typi-
cal hybrid electrolytes obtained in this wprlamed O, X and Y, are shown in Fig. 1.
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Fig. 1. X-ray diffraction patterns for sol-gel derived hybrid materials: O, X and Y

The morphologies of the hybrids and silica gels under investigation were observed
using SEM/EDX. In Figure 2, planar-view BEimages of the hybrid gels (a—e) and
silica gel doped with LICIQPC (f) are shown.

FTIR spectra of silica-gel-derived hybrid materials, as well as silica gels, are
shown in Fig. 3, and the assignments @f tharacteristic absorption bands are given
in Table 2.
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Fig. 2. SEM planar view images of hybrid organic-inorganic electrolytes:
a)S,b) T, c) X,d)Y, e) Zand f) R: silica gel doped with Ligtiissolved in PCx= 0.03)

Spectroscopic FTIR investigations (Fig. 3pbka2) have revealed the presence of
absorption bands characteristic dfcen—oxygen bonds, organic groups, and struc-
tural species connected to lithium bonding. Batlusracteristic of water, both in the
molecular (at about 3400 chpand adsorbed form (at about 1620 9rare also ob-
served. Absorption bands in the wave number range 624—778 can be assumed to origi-
nate from organic structures ordered in molecular groups and in the presence of lith-
ium atoms, but without phase separatiortiystallization. Absorption bands at about
630 cm* can be ascribed to CJO The propylene oxide absorption band is also local-
ized around that wave number [3The absorption band at about 782 tia charac-
teristic for hybrid gels and, according to Gunzler and Gremlich [38], can be ascribed
to vibrations of the O-Si-{El,, species. It can therefore be considered as evidence of
hybrid structure formation in the gels undevestigation, with the organic and inor-
ganic parts being connected to each othemtygen bridges. In the spectra of all the



184 E.ZELAZOWSKA et al.

Absorbance [a.u.]
Absorbance [a.u]

ss'o: : 5 ' 150 : & 0 ' B0 150 W
Wavenumbers [cm"] Wavenumbers [cm)

Fig. 3. FTIR spectra of organic-inorganic hybrid gels (heated for 3 hours &€)-75 (la), S (Ib),
Y (Id), Z (le); (heated at 80 °C for 3 hours): X (Ic), O (Il a); and R (Il b, heated for 3 hours at 125 °C);
(llc-S heated for 5 hours at 210 °C). The main components used to obtain the gels
and the gel names correspond to those in Table 1

gels obtained, absorption bands originafiogn Si-O-Si groups are present (the bend-
ing vibration of O-Si-Cbridges is at about 450 chthe stretching vibration of Si-O-
Si bridges at about 1080 chand the asymmetric stréiog vibratons of Si-OH
groups at about 950 ¢

In the case of the hybrid gels named X, Z and T, the fine structure of the main ab-
sorption band, located at about 1050—1100"ci® clearly seen in their FTIR spectra.
The observed splitting of this absorption bamg@robably connected to the vibrations
of R-Si-O bridges. It can be concluded from its absolute intensity and width that the
structure of the hybrid gel becomes mordewed in molecular groups in the presence
of glycols as organic additives. It alsoplies less defected bonding states in the mo-
lecular groups, although witholidng distance ordering. The bands originating from
the organic parts are found at 2880-2980"di@—H bonds), 1785 chand 1185
(C=0, C-O, respectively), and in the range 1330-1480 @@,—O and also likely
CHs groups). The observed increase in the intensity as well as the shifts in these
bands are clearly connectedte addition of glycol species.

Table 3 shows typical results of a por@tisicture examination for the hybrid ma-
terials (S,T) and, for comparison, dfica gels (pure and doped with LiCJ@issolved
in PC, which were heated for 5 hours at 280and 210°C, respectively), together
with results of d.c. conductivity measurertgefor the S and T hybrid electrolytes.
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Table 2. Assignments of the characteristic bands in FTIR spectra [37-41]

Location of IR band about wave numbers, Tim
Hybrid gels Silica gels
T S X Y Z (@) R Origin
454 448 448 448 455 450 459, Si—-O-Si
Li in LiCIO,,
541 576 528 574 542 574 563Li with organics,
Si—O ring (4)
624 636 638 628 624 637 628 ClO; , Li—organics (PO)
712 719 716 717 712 717 v SiIO—GHs, organics
vg Si—-0O-Siv,s Si-C,
777 783 780 781 778 782 80045 Si—CH,,
Si—0-Si—GHp,
840 882 840 ps Si—-CH
954 946 966 948 954 943 95%v,; Si—-OH
1052 1050 1052 vaSSi—O—Si,
1079 1085 1091 1079 1071 | vs Si—-O-Si
v Si—-O-R
1120 1121 1119 1149 1143V Si-0-Si
1185 | 1185 | 1188 | 1190 | 118§ OO v C~C, ~OR (GH),
lapped C-0, organics
1355 1358, 1355, | 1360, | 1383 |organicsy CHs,
1390 1406 1391 1404 1390 | 1408 v CH,-O
1455 1484 1459 1483 1454 148p 1462 C—O-C, organics
1556 1639 1645 1563 155¢ 163P 1644 H-O-H, molecular
1793 1787 1786 1785 1793 178B organics, C=0
2881 2900 2883 2800 2881 | 2881 | 2943 |v,sCH,, v C-H, of
—-2980 | -2988 | —2970 —2970 | —2979 | —2979 | —2981 | aliphatic organic groups
3340
3360 3381 3329 v OH,
3358 —3386 | (around)| (around) (uanrg) 3401 3401 adsorbed H-O-H, LiOH
Table 3. Results of texture and conductivity examinations
o Silica gel
Silica -
. doped with
Material pguerle LICIO,/PC S T
(x=0.03)
Single point surface area ffy] 737.77| 235.27 1.938 -
BET surface area [ffy] 752.69| 248.96 3.854 1,881
Langmuir surface area fiig] 1030.1| 347.87 2.453 -
Micropore volume [crilg] 0.0943| -0.004 - -
Micro-pore area [critg] 219.3 2.6048 - -
Single point total micro-pore volum¥,g [cm®/g] 0.3699| 0.4177 0.00185 -
BJH adsorption meso-pores volug,s,[cm/g] 0.0928| 0.4311 0.00293 -
Average micro-pore diameter\(A by BET) [nm] 1.9657( 6.7103 1.9219 -
BJH adsorption average pore diameter [nm] 2.5623| 5.6562 4.7708 -
Conductivity s [S-cnm] - 5.6x10° | 1.3%107° |1.05¢107°
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The conductivities of the other hybrid electrolytes, not listed in Table 2, were all
of the order 13 Scm™, and specifically 7.26, 6.54, 5.63, 2.14, and 1.39.%@nm™*
for samples O, P, X, Y and Z, respectiveThe examination of porous structure of
hybrid materials containing glycols, esjally those of low molecular weight, has
proved to be practically aimless due to very low values of BET surface area. In the
sol-gel process, the formation of sol fides occurs due to the hydrolysis of
alkoxides and subsequent pobndensation of the hydrolysate and gelation of the sol
particles. Murakata et al. [42] have intigated the influence of inorganic salts and
some surfactants on the pore size distrdouin silica gels and have found that the
addition of any inorganic salt decreases the gel surface area and depresses the forma-
tion of mesopores. Such effects can be ictmred to be connected with a compression
of the dielectric double layeround ions and with a reduction in coagulation stability,
which are both effects of thore size distribution of the gel being altered. They also
have observed through SEM examination thatsurfaces of gels with low concentra-
tions of inorganic salt, especially thoseurfivalent metals, become flat and smooth,
practically without macropores. A similaffect has been obtained with non-ionic
surfactants containing alkghains, especially PEG additives. Generally, the effect of
such additives on the size distribution of fhores in silica gels has been found to be
strongly dependent on alkyl chain length. Such results seem to be in good agreement
with those obtained in this work from SEM observations anpdddorption measure-
ments for hybrid electrolytes. In additi, polyethylene glycols are known for their
hydrophilic properties, and organic low-molecular-weight additives of the hybrid ma-
terials obtained in this work can also ast solvents for lithium salts and the other
organic components.

The influence of polyethylene glycol E&) on the nanostructure of sol-gel de-
rived TiO, coatings was studied by Kato andlhdra [43] with the aim of obtaining
nano-sized pores. They establishedtth temperature as high as 4@ was not
enough to thermally decompose the PEG incorporated into titanium oxide.

In this work, SEM images show smooth and homogeneous surfaces of the samples
under examination, and XRD patterns a wiiteadening of the background for dif-
fraction angles @ in the range 15-35which is characteristic of glassy amorphous
materials. In addition, the room temperat conductivities obtained for all the hybrid
electrolytes investigated were as high as $@n . These results can be attributed to
suitable conditions, which enable the fasinsportation of ionic charge carriers
through hybrid electrolytes. Such a cdimh is a high amorphous phases content,
which creates structural paths large enough to accommodate and allow hopping
movements of lithium ion, as well as allow for the segmental motion of the polymer
chains fragments involved in the structuretioé hybrid materials. It is known that
polymer electrolytes based on PEO that condittdum ions should be in an amor-
phous state for the effective transportlidtfium and counter ions through the poly-
mer. Li* is thought to move by a hopping mechanism, which requires a segmental
motion of the polymer host. Another model — a free volume model — suggests a corre-
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lation of the ionic conductivity of Liwith chain segment motion, in which ions move
when a local void opens that can accommottaeion, as is thought to occur in lig-
uids [44].

i H

MAS NMR 'H
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Fig. 4.*H (a) and“*C (b) MAS NMR spectra for 1,2-propylene glycol
(references for NMR measurements of the hybrid electrolytes O and X)

The addition of propylene carbonate anthemther low molecular weight organic
compounds to the PEO improves ionic transport by reducing the glass transition tem-
perature of the polymer [7, 45, 46]. Ito et EI5] have studied the influence of low
-molecular-weight glycols on thienic conductivity of the PEO—LiIGBS0O; complex
electrolyte and have established that ¢beductivity increases with the decreasing
molecular weight of PEG and with incréag PEG content. Significant conductivity
enhancement at room temperature can béuattd to an increase in the content of
amorphous regions, which are responsifite ionic conduction. In alkali ion
-conducting glasses, mobile ion conductioraliso thought to proceed by means of
free volume, i.e. voids, and at a given alkali content the ionic conductivity can be
enhanced by increasing the free volume. Ménedess, ionic conductivity is first of all
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dependent on the number of mobile i@ on the ion—ion distance in conduction
paths. The structural changes in silica bagdstates due to organic additions and
doping with lithium were expected to charthe coordination of oxygen atoms, result

in the partial dissociation of immobikpecies from non-bridging oxygen atoms, and
enlarge the pathways available for migrataddithium ions in the frame of the silica

host [47]. The characteristicrgttural properties of the hyid materials obtained in

this work, as revealed by infrared spectroscopy, can be considered to correspond well
with such assumptions.

a) ; | a) [
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| -|I
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Fig. 5."H MAS NMR spectra for hybrid materials: O §tages a and c) and X (II, stages a and c)

The sharp diminishing of pous structures, which are significantly developed and
clearly connected with the silica gel partshiybrid materials containing other addi-
tives (PEO, PO), is espatly pronounced for the O and X hybrid materials (which
have low-molecular-weight glycols as organic additives). Samples of these two mate-
rials were examined additionally by MAS NMEE, *H) spectroscopy. The NMR
spectra of samples of each material weierded three times with a waiting time of
about a week between each observation. The first time spectra were taken two days
after the reaction of hydrolysis in the saded the following spectra were recorded
7 and 14 days later. The final MMR measurements were conducted a few hours be-
fore the complete sol to gel transfotina had occurred. The NMR spectra of the
hybrid materials O and X were referenced to those recorded for 1,2- propylene glycol.
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The *H and**C NMR spectra for 1,2-propylene ghicare shown in Figs. 4a, b, re-
spectively, and the spectra for the hylaidctrolytes O and X are given in Figs. 5-7.

a) | i Il

c) c)
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Fig. 6.1°C MAS NMR spectra for hybrid materials: O §tages a and c) and X (ll, stages a and c)

No *H or *C MAS NMR spectra of hybrid gelsbtained from mixtures of similar
components to those under investigation here have been previously reported in the
available literature. The chemical shifts antensity changes of the signals originat-
ing from the starting components of the sols, as well as the appearance of new bands
and disappearance ot® bands, which was used as a solvent for the O samples, can
be ascribed to structural reordering doethe formation of the hybrid cross-linked
structure between the orgarind inorganic parts of the materials under investigation.

In the spectra registered during the fitafo stages of the gelation process, only
relatively small differences were observed,mhaintensity changes, which indicate
that low-molecular-weight glycol sped delay the waiting time for the resulting
structural order, perhaps due to the cafiece An example in which such an effect
occurs has been described by &jled et al. [48], where theol-gel polymerisation of

a hybrid material resulted in the growdh a polysilsesquioxane structure when gly-
cidyloxypropyltrimethoxysilane was used. On the other hand, the reactivity of the O
material, containing 1,2-propylene glycalcaPC as organic additives, has proved to
be high enough to incorporate all the(applied as a solvent in the preparation of
the sample for final NMR measurements (Fig. 7). In the region of silanol signals
(dominated at 3.83-3.41 ppm, Fig. 7), theresgaificant split, decrease in intensity,
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as well as a chemical shift in signak#&bization, which is clearly connected with
a cross-linked bonding process that develogtsveen the organic and inorganic parts
of the starting sols [49]. NR studies of the hybrids synthesized in this work, among
others, will be continued with the aim teptain the vanishing gborous structures (or

capturing).

a) |

W _ JUU

ppm 5 4 3 2 1 0

Fig. 7."H MAS NMR spectra for the hybrid
material O (stages a—c)

The organic-inorganic hybrid materials aimted in this work were examined as
electrolytes for cells based on the Win film with anelectrochromic window ar-
rangement. A typical response to a rectangular shaped current signal and a cyclic
voltammogram (CV) taken for the electrochromic cell under () polarized low d.c.
voltage are shown in Fig. 8 (a, b), reqpaddy. The transmission photometric charac-
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teristics of WQ@-based electrochromic systems watiNiO film as the counter-electro-
de material are given in Fig. 9.
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Fig. 8. Current response (a, plane line) and cyclic voltammogram (b, dashed line) for thin film tungsten
oxide/organic-inorganic hybrid electrolyte Y (TEOS, PEG (6008)H.iCIO,/PC/0.02/vanadium
oxide electrochromic cell, cycled with a voltage of + 1.5 V (cycled area®3soan rate 50 mV/s)
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Fig. 9. Typical transmission characteristics as a function of the wavelength for a thin metal oxide
electrochromic coating system: Wirganic —inorganic hybrid electrolyte Z (TEOS, PEO-PEG
(15000)/CHCI,, 1,2-PG, LiCl /H0O/0.02)/ NiO, with electrochromic metal oxide materials coated
by spray pyrolysis onto a glass substrate with (SRDlayers, (presented in the coloured and bleached
states, with lithium ions insted/extracted into the W{tructure under a d.c. voltage range of (x) 2.5 V)

All the sol-gel derived hybrid materials alnted in this work were able to take
part in electrochromic reactions, whichpged on the insertion/extraction of lithium
ions and injection/extraction @lectrons, and which result in reversible dark blue or
colourless states of the tungsten oxidestaThe d.c. conductivity values for the hy-
brid electrolytes under investigation were of the order of magnitudesiém® when
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measured at room temperature. They haewed to be dependent on composition and
morphological properties, and connected veittuctural modificions due to organic
additives. The values of ionic conductivity reported there, are improved by about one
order of magnitude in comparison to thogbtained by the authors previously for
electrolytes of mixed silica—PEO systems (with and without chemical bonds between
the organic and inorganic pg)t[50], and similarly in comparison to the results re-
ported by Dahmouche et al. [32] fbybrid electrolytes of silica—PEg systems
doped with lithium salt and without chemical bonds between the organic and inor-
ganic phases. Generally, the ionic conductivity of sol-gel derived hybrid electrolytes
is higher for those that are lithiunon and/or proton @nductors [29]. The
conductivity values of hybrid electrolytebtained in this work with lithium salt dop-

ing are about two to three orders of magaé higher than those described by Chaker
et al. [35] for siloxane—PPO hybridrolytes doped with sodium perchlorate.

4, Summary

Sol-gel derived, lithium ion conducting, anphous, organic-inganic hybrid ma-
terials, containing abo®0% of organic additives, were obtained from TEOS, PEO,
PO, PC, PEG, EG, and 1,2-PGwthe aim to be used a®lid electrolytes for elec-
trochemical and optoettronic applications.

All of the synthesized hybrid materidiave proved to be amorphous and homoge-
neous, with morphology and textural prages significantly differing between each
other, corresponding with the variety ofngpositions of the starting solutions. They
were all stable at temperatures as high as°C25

The organic-inorganic hybridharacter of the gels obtained in this work has been
confirmed by the results of infrared spectroscopy investigations.

All the hybrid sol-gel derived materiatsbtained have proved to be suitable as
transparent and colourless lithium ion cortthg electrolytes when examined in
electrochemical cells with thin film electrochromic window arrangement based on
WO;, with a d.c. conductivity of the order of £&cni™.

Additional studies are required and will barried out with the aim of explaining
the suppression of porous sturets, as measured by nitrogen adsorption in hybrid
materials with low molecular weight glysohs organic additives. The reason for this
phenomenon, which is most intensively olbeer for the O and X hybrid materials,
seems to be caused by liquid phase add@imnto the cage effect and/or trapping.
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