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Development of electrochromic smart windows
by sol-gel techniques
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ABSTRACT

A novel nanocomposite lithium ion-conducting electrolyte has been developed, based on organically modified silanes, which
is suitable for application in a sol-gel electrochromic system. The system developed consists of FTO-coated (Fluorine doped
Tin Oxide) glass coated with tungsten oxide ,WO;, at one side of the device as the electrochromic layer, with a cerium oxide-
titanium oxide layer, CeO,-TiO,, acting as ion-storage layer or counter electrode. The adhesive properties of the electrolyte
enabled the manufacture of electrochromic devices in a laminated structure: glass\FTO\WO~\nanocomp elect \CeO,-
TiO,\FTO\glass. The conductivity of the nanocomposite electrolyte system varies between 10* and 10° Sem™ at 25°C
depending on the exact composition. The temperature dependence of the conductivity exhibits typical Vogel-Tamman-
Fulcher (VTF) behaviour. The thickness of the electrolyte between the two halves of the device could be adjusted by the use
of a spacer technique in the range 10 - 150 um. Optoelectrochemical measurements were conducted on electrochromic
devices to study the kinetics of colouration and bleaching as a function of the number of switching cycles. At present, cells
are constructed in two formats: 10 x 15 cm” and 35 x 35 cm’. Switching times under one minute were achieved for the
smaller format with a corresponding optical modulation between 75% to 20% (at & = 0.633 um). In the case of the larger
format the switching time increases to several minutes due to the increase in geometric area.
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1. INTRODUCTION

In recent years, there has been a vast amount of research and development conducted at both university™ and company
level™ into electrochromtsm due to the variety of potential apphcatlons which exist for electrochromic devices, ie.
antiglare rearview mirrors™, sun-rooves’ and for smart windows". However, at present only small-area devices such as the
antiglare-mirrors from the Donnelly Corporation or from GENTEX are commercially available. The reasons why larger area
dzvices are not yet available are manifold. One main reason is the physical deposition techniques normally employed to coat
glass substrates with the electrochromic layers and ion-storage layers. Sputtering, although it supplies coatings of a very high
quality involves high capital investment costs. Therefore, the mian objective of our work has been to develop an all sol-gel
electrochromic system for large-area applications with its inherent advantages of low cost thin films by conventional wet-
chemical coating techniques and chemical flexibility.

The material of choice for the electrochromxc layer is of course tungsten oxide, WO~ due to its high colouration efficiency
depending on wavelength of between 40 cm”/C (550 nm) and 130 cm”/C (800 nm)’ and several different sol-gel routes have
been developed based on different starting compounds have been reported Sols based on the hydrolysis and condensation
of tungsten alkoxides” may be. employed to form WOs-layers, however the cost of the precursors is limits the potent1al of
this route for a commerciai application. Layers prepared from tungsten oxychloride, WOCI,, have been reported as having
very good properties in laboratory investigations. Sois have to be handled in a dry inert atmosphere and there may be
problems with the long-term electrochemical stability cf such layers due to residual chloride. Synthesis of WO;-layers by a
peroxotungstic acid'*"" has several advantages in that the starting materials, namely tungsten metal powder and hydrogen
peroxide solution, are relatively inexpensive and that WO; layers can be obtained at low firing tempertaures. Therefore, in
this work a modified peroxotungstic acid route was developed under consideration of criteria such as sol stability and the
potential for scaling-up, which are relevant for large area applications.




The counter electrode or ion-storage layer should either colour in a complementary manner ie. anodically, whilst the
electrochromic layer colours cathodically or should permit ion insertion and deinsertion without a significant change in
transmission. The cerlum oxide-titanium oxide system was chosen as a colourless passive ion-storage layer as first proposed
by Aegerter and Baudry Vanadium pentoxide’ ® has also been considered as a potential ion-storage layer due to its good
intercalation properties. Vanadium pentoxide colours cathodically as well as anodically so that devices constructed with V,0s
have no true colourless state.

Another problem is that tungsten oxide layers and therefore also complete cells exhibit a swinging-in behaviour'’. The
colouration of the layers is low at the beginning of cycling but increases with the number of cycles. Furthermore, this effect
has been found'’ to be associated with the irreversible intercalation of a fraction of the lithium i ions, which do not lead to
colouration. Ways to counteract this effect are therefore based on pre-loading the tungsten oxide layer with lithium, by
electrochemically charging the layers with lithium ions from a liquid electrolyte before mounting the cells wrth polymer
electrolyte or by dry lithiation™®. -

One of the key elements is the ion-conductive transparent electrolyte. There are several problems connected with the type of
electrolyte which may be employed. Small area devices can be constructed, which either contain a liquid or semi liquid
electrolyte best known example being LiClO, dissolved in propylene carbonate (PC), sufficient reliability with respect to
the sealing of the units being a prerequisite, so that there is no problem in relation to safety. Thin films of hydrated oxides
have also been employed for this purpose, for example tantalum oxide, Ta,Os . Although the latter functions excellently in
small area devices the coating of large areas with such thin films without defects is problematic. Indeed, thin film ceramic
lithium conductors have been prepared e.g. LINbO;, however the conductivity is not particularly high and so thin films are
again requ1red

Polymer electrolytes or polymer gel electrolyte systems offer a reasonable alternative with ionic conductivties of up to
10° Scm™ but tend to exhibit an insuffucient long-term UV-stability and poor form stability. Examples of polymer
electroytes include those based on L1ClO4 or a another lithium salt dissolved in polyethylene oxide, PEO, polypropylene
oxrde PPO, polyethylene imide, PEI*'. Such polymers tend to have a rather low conductivity at room temperature 10°-10°

7 S/cm. Proton conducting polyAMPS systems™ (poly(2-acrylam1do—2 -methyl-2-methylpropanesulphonic acid) first have to
be be conditioned in 65-70% humidity to acheive high conductivities and are therefore expected to suffer from long-term
stability problems.

A solid Li" conducting nanocomposite electrolyte has been described”, based on organically modified silanes. In this paper
the role of the electrolyte in an electrochromic system is considered and the investigation of important properties necessary
for electrochromic appiications is described.

2. EXPERIMENTAL
2.1 Syntheses

A solid ionic conductor has been developed, based on glycidoxypropyltrimethoxysilane (GPTS), tetracthoxysilane (TEOS),
LiClO,,, Zr(O"Pr), and tetracthylene glycol (TEG). GPTS and TEOS serve as network formers, whereas TEG acts as a
plasticizer. Lithium perchlorate is the conducting salt and Zr(O"Pr), is added as a starter for thermal curing Dried LiClO, is
dissolved in a mixture of TEG and prehydrolysed GPTS. TEOS and Zr(O"Pr), are then added. Volatiles are removed by
rotary evaporation immediately prior to application to the coated ITO-substrates. The cell containing electrolyte is heat
treated at 100°C for several hours 1o allow thermal curing to occur. The thickness of the electrolyte layer is set between 12
and 15 um after curing.

The remaining synthesis routes have already been described in detail elsewhere™ and so will only be briefly descril)ed here.
Stable tungsten oxide coating sols were synthesized using a route based on the dissolution of tungsten metal powder in an
excess of hydrogen peroxide solution (30%), in the presence of ethanol and glacial acetic acid, to give peroxotungstic acid.
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The CeOz-T107—801 was synthesized using cerium (IIT) nitrate hexahydrate, Ce(NO;);.6H,0, and titanium isopropylate,
Ti(O'Pr),, as precursors, in an equimolar ratio.

Glass substrates with an ITO layer (Donnelly Applied Films, 12 Q/) or an FTO layer (Libbey-Owens-Ford, 10 Q/) were
coated by dip coating under contolled conditions of relative humidity and | temperature. Tungsten oxide layers 250 nm thick
and CeO,-TiO, layers 140 nm could be obtained in a single coating step™ Substrates up to 35 x 35 cm’ in size have been
coated in this way.

2.2 Conductivity Measurements

The ionic conductivity was determined by impedance spectroscopy employing a Zahner IM5d electrochemical impedance
analyser. The frequency range was 1 Hz- 1 MHz and the amplitude of the applied a.c.potential was 50 mV. Electrolyte
samples were thermally cured on interdigited capacitor, IDC, structures (Au on ALO;). IDC's were chosen for the
measurement because they represent a reliable reproducible electrode geometry. Samples were first heated under vacuum in a
specially constructed measurement cell to remove absorbed water and impedance measurements were first conducted on
cooling. The conductivity values were thus determined in the range 293 - 383 K. In addition, d.c polarisation experiments
were conducted on samples employing an EG & G PARC 273A Potentiostat in order to estimate the ionic transport number.
A very low electronic contribution to the total conductivity is necessary to ensure a good memory effect in electrochromic
devices.

2.3 Spectroscopic determination of electrolyte thickness

UV-VIS spectra obtained for complete EC-cells with a multichannel UV-VIS spectrometer (ZEISS SPECORD 10) exhibit an
interference pattern caused by multiple reflections of the measurement beam between the glass substrates. This effect could
be exploited to determine the thickness of the electrolyte once the refractive index of the electrolyte had been measured.

2.4 Optoelectrochemical characterisation

Optoelectrochemlca} measurements were conducted on EC cells constructed with nanocomposite electrolyte in two formats:
10x 15 cm” and 35 x 35 cm’.

Complete cells were poled between +2.0 and -2.5 V in order to study the coloration and bleaching kinetics. On switching, the
average transmission over the wavelength range 380 -800 nm was measured as a function of time, employing a multichannel
UV-VIS spectrometer (ZEISS SPECORD S10). Colouring times were defined as the time between 90% of the initial
transmission, T,, and 110% of the final transmission, T,, bleaching times were similarly defined. The change in optical
density, AOD, was also taken as an important criterion for assessing the electrochromic layers, whereby:

A ODX (380 - 800nm) _ T (380 - 800nm) /Tx(380 - 800nm)) (1)

log (T,

In-house constructed potentiosiats were employed to switch several cells simultaneously for large numbers of cycles. The
variation in AOD and in the switching times were investigated as function of the number of cycles. To determine the amount
of charge incorporated during cycling and the colouration efficiency then dynamic transmissions measurements were
conducted parallel to chronamperometric measurements with a EG&G PARC 270 Potentiostat.

2.5 Thermal analysis
Differential scanning calorimetry measurements were conducted using with a DSC-200 (Netsch). Samples of electrolyte

mixture were weighed (10 mg) into aluminium pans with a scan rate of 16 K/min in the temperature range 0 - 200°C. Aim of
the measurements was to determine the optimal temperature range to carry out the curing of the electrolyte.




3. RESULTS

3.1 Electrolyte Model

One of the most important elements of the EC-system is the transparent electrolyte. In the majority of the investigations, low
molecular weight polymeric systems are used, whereby the polymer has a suffucient solvating power for lithium salts. These
systems however cause problems when taken for large area applications due to their low mechanical and sometimes low
chemical stability. Polymersied systems with high mechanical strength show a poor diffusibility for Li". For this reason, a
nanocompsite system has been designed which, should on the one hand aﬂow for a high degree of diffusion and on the
which, on the other hand should provide for sufficient mechanical stability™.

For this reason, different structural elements have been employed to combine various basic properties. These are polar groups

to provide to solvate Li", groups to build-up organic polymeric networks (epoxides), groups to build-up an iorganic

backbone (8i-O-Si) and cataiytxcally active groups for the formation of polyethylene oxide networks from epoxides and

nanoparticles to give a mechanically stable nanocomposite. Based on results reported elsewhere™ > for the in-situ reaction

Zr(OR), to give nanoparticles and the catalytic polymerisation from epoxysilanes by boehmite nanoparticles”, a composite

was prepared according to the following scheme (fig. 1). In addition, it is to be expected from work reported by Schmidt et
% that as well as Zr-alkoxides, ZrO, nanoparticles also catalyse the epoxide polymerisation.
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<« L0, /TEG-solution D)
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|
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Figure 1: Flow diagram showing the synthesis principles for the nanocomposite electrolyte.

DSC measurements (figure 2.) show an exothermic peak due to the polymeristation (epoxide ring opening) which has a
maximum at 115 °C and therefore the curing of the electrolyte was conducted above 100 °C. DSC measurements on heat
treated samples did not exhibit this peak showing that the polymerisation was complete.

Due to the particle hydrolysis and condensation, the viscosity of the composite was adjusted in a such a way that layer
thicknesses up to 15 um were obtained. This allows the mounting of large area cells (35 x 35 cm’, at present) without
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running the risk of short circuit hazards. In figure 2, a model of the composite is given.. In high-resolution transmission
electron microscopy, no nanoparticles could be detected but from investigations on similar preparations®, one can conclude
that ZrO,-particles in the range of about 2 nm are present. A model of the composite is given in figure 3.
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Figure 2: DSC plot for electrolyte mixture showing a strong exotherm for the polymerisation with maximum at
115°C.
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Figure 3: Model of the nanocomposite electrolyte structure

After mounting the two glass panes, the system is cured by thermal treatment at 100°C and the polyethylene oxide formation
occurs via the catalytic effect of the Zr-alkoxide. At the same time, the electrolyte acts as an adhesive sealing the two panes
together. The conductivity was measured by impedance spectroscopy.




3.2 Conductivity measurements

Figure 4 shows an Arrhenius plot for a nanocomposite electrolyte. The slightly curved plot is indicative of Vogel-Tammen-
Fulcher behaviour, as is normally observed for polymeric electrolyte systems®. VTF plots are described by the following
equation:

s B 5
T P TRT-T) @

where s is the ionic conductivity in S/cm, T is temperature in K, To is the ideal glass transition temperature, A is the pre-
exponential factor and E, is the so-called pseudo-activation energy in kJ/mol.

The ionic conductivity for the sample shown in figure 4 is 1.64 x 10° S/em at 298 K. D.c polarsiation measurements indicate
that the contribution of electronic conductivity to the total conductivity is very small with 6., << 10® S/em. Expressed in
another way this means that the ionic transport number, t;,, is greater than 0.999. Of course it is not possible with such as
measuremext (o separate out the individual contributions to the conductivity from different ions, Li" or ClO,
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Figure 4: An Arrhenius plot of conductivity against reciprocal temperature for a nanocomposite electrolyte sample.

A conductivity model for the electrolyte consists of Li+ ion-hopping between a variety of available electronegative oxygen
sites either in silanol groups, SiOH, on the surface of nanoparticles or oxygens in polyethylene oxide chains.

Figure 5 shows an UV-VIS specirum obtained for a complete EC-cell. A waviness in the spectrum is cleary noticeable. This
is caused by reflections of the beam between the glass substrates. The distance between the glass substrates, d, and hence the

thickness of the electrolyte can be calculated according to the following equation:
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_ Ak2(Am)
" 2n(A2— A1)

where A1 and A2 are two wavelengths, Am is the number of maxima between A1 and A2 and n is the refractive index. The
refractive index from the electrolyte was determined separately and is approximately 1.5. For the spectrum shown the
distance separating the substrates was calculated to be 12+1um. Furthermore, the absence of short circuits between the two
halves of the cells could be confirmed by electrochemical measurements. Indeed, employing this method a separation of the
substrates of between 12 and 15 um could be achieved even over areas of up to 0.1 m>.
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Figure 5: An UV-VIS transmission spectrum for a complete EC-cell showing waviness in the spectrum due to
reflections between the glass substrates

3.3 Key data for sol-gel EC-cells -

The key data for EC-cells in both formats : 10 x 15 cm” and 35 x 35 cm? are summarised in table 1. As can be seen from the
table potentiostatic switching is faster than galvanostatic switching. Galvanostatic switching provides for better control of the
amount charge. Furthermore, increasing the area of the device leads to an increase in switching times. This is a well-known
effect and is due to the limited sheet resistance of the transparent conducting oxide layer on the glass substrates as the
electrodes can only be contacted at the edges of the devices.




Table 1: Key data for sol-gel electrochromic cells in two formats: 10 x 15 cm’ and 35 x 35 cm®

property cell format:10 x 15 cm’ cell format: 35 x 35 cm”
trans., bleached (A =0.633um) 75% 75%
trans., coloured (A =0.633 um) 22% 30%
potent. switching: potential range -2.5V {col.), -2.0V (col),
+2.0 V(bl) +2.0 V (bl.)
galv. switching: current density 38 uA/em” 5 uA/em”
potent. switching time: colouring <100s <5 min.
potent. switching time: bleaching <50s <3 min.
galv. switching time: colouring -~ | o e Q60g 40 min
galv. switching time: bleaching 260 s 40 min
colouration efficiency* 45 cm’/C 41 cm’/s
no. of cycles: 10° 10°
*The galvanostatic colouration efficiency of the cells, y, was calculated according to:
p=(A0OD.A)(I.1) @

where A is the area in cm®, I the current in ampere and t the time in s.

4. DISCUSSION

The ionic conductivity of the investigated system, namely 10™-10° Sem-1, is sufficient for large-area electrochromic
applications, where switching times in the minute range are required. Polymer electrolyte systems or swollen polymer
systems have been reported with much higher conductivites’. However, high conductivites are only achievable for systems
with poor mechanical properties and the system described here also rufills a secondary adhesive function. The importance of
the electronic component of the conductivity is that this must be kept as low as possible to prevent a loss in memory effect. A
coloured electrochromic cell contains a separation in charge i.e it can be modelled electrically as a capacitor. Significant
electronic conductivity destroys the charge separation and bleaching occurs spontaneously. Ensuring that the two sides of the
device do not come into contact with one another causing internal short circuits is equal importance for the same reason.

Table 1 demonstrates the respective advantages and disadvantages of two possible methods of switching: potentiostatic or
galvanostatic. With constant voltage drive the current decreases with time due to its dependence on the chemical diffusion of
lithium ions in the WOs-layer. Switching under constant current conditions the potential rises sharply at the beginning, before
levelling out. The change in optical density depends on the concentration of absorbing species (Beer-Lambert Law), which is
given here by the charge passed so that with potentiostatic switching rapid colouration or bleaching is achieved in the initial
phase of switching. Galvanostatic switching gives a near constant rate of change of OD with time.

Potentiostatic switching is therefore suitable for small area devices where shorter switching times are required as the majority
of the colouration is achieved in the first seconds of the switching process. Galvanostatic switching may be more suitable for
large area applications, where the colouration may be spread over a longer time with a lower maximum potential being
c-aiperienc‘;d2 ;>y the cell. Galvanostatic switching also avoids the problem of the varying EMF of the cells with potentiostatic
switching™ """,

The colouration efficiency of 40-45 cm’/C for the devices, determined as average value over the wavelength range: 380-800
nm, is a net colouration efficiency comprising the contributions from the EC-layer and the ion-storage layer. However, the
colouration change associated with the CeO,-TiO, layer is negligible in comparison to the WO,-layer so that as an
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approximation the value corresponds to that for the WO, alone. This value is comparable with literature reported systems’,
whereby xzngost values are quoted for a definite wavelength and the colouration efficiency is known to be wavelength
dependent™.

The increase in switching times with increasing geometric area is due to the finite surface conductivity of the ITO or FTO
coatings , which cause a drop in potential across the breadth of the electrodes®.

5. CONCLUSIONS

An ion-conducting electrolyte has been developed with properties suitable for electrochromic applications. The ionic
conductivity is sufficient for large area applications where the emphasis is on switching times in the minute range. In
addition, the electronic contribution to the total conductivity is very low so that a long-lasting colouration can be achieved
without applying a potential continually ie. there is a good memory effect. The use of a spacer technique avoids internal
short circuits over large areas improving the efficiency of the devices and alos preventing loss of the memory effect.

Sol-gel nanocomposite electrolyte could be exploited to prepare electrochromic cells with very good properties. Cells of the
following construction: ITO/WO,/electrolyte/CeQ,-TiO,/ITO were assembled in two formats: 15 x 10 ¢cm” and 35 x 35 cm?
Tests on the smaller cells gave a change in optical density of 0.6 or a change in transmission from 75% to 20% in a
switching time of less than 60 s, after the initial swinging-in of the cells, when the cells were coloured potentiostatically at
-2.5 V. The colouration of the cells remained homogeneous on scaling-up to the larger format, whereby potentiostatic
colouration times increased to around 5 minutes for a similar degree of colouration. These devices exhibited satisfactory
colouration and bleaching kinetics appropriate to large area applications for example for smart windows.
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