Study of electrochromism in Ti: WO films by sol-gel process
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ABSTRACT

Electrochromism in sol-gel deposited WO, films containing TiO> has been observed. The films are deposited by spin coating

. from peroxo-polytungstic acid and titanium isopropoxide precursors. The films were fabn' 'ca;cd on q'ml and SnO?:F Coated
glass substrates. Films were heat treated at 150 °C. Morphology of the films was examined by scanning electron microscopy,
which indicated that the films were smooth and had a pore free surface.

Results will be presented detailing the optical switching during electrochemical lithium mtercalat?on These results wij)
be used to compare the performance of the Ti doped WO; films with other electroc_hroxmcs. The Ti:WO; films all colqr
cathodically, and the color state is a neutral grayish blue color, while the bleached state is transparent and_colgrless. Results of
the cyclic stability will also be presented. The neutral color of the Ti:WO; films means that electrochromic windows based on
Ti:-WO; may have significant advantages over WO; - based windows.

A detailed analysis of the optical properties of the bleached and colored states of. the films will be presented. The
dynamics of coloration for these films is also under investigation, and preliminary results will be presented.
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1. INTRODUCTION

Over the past decade, numerous transition metal oxides have been extensively investigated for their use i
electrochromic switching devices (ECD).! The most commonly used electrochromic material in ECD has been amorphous
tungsten oxide WO,.>” Its advantages are high coloration efficiency and reasonable cyclic stability. Recent emphasis in the
development of ECD has been focused to the degradation of tungsten oxide films during lithium ion insertion and extraction.
Recent structd_u‘}'al and electrochemical investigations have shown that the electrochromic stability of WO, films improved by
adding TiO,.

Electrochromic WO; films are usually prepared by conventional deposition techniques including sputtering5 vacuum
evaporation,”® and e-beam evaporation.” The sol-gel process are used to prepare electrochromic films on a variety of
substrates.*’> The sol-gel process is based on hydrolysis and condensation of molecular precursors such as metal alkoxides
or hydroxylated metal ions in a suitable organic solvent." In this process molecular precursors are transferred into an oxide
network by inorganic polymerization reactions. Sol-gel deposition is performed at room temperature and presents many
advantages for its simplicity, high productivity and ability to coat large areas. In addition, the sol-gel process is well suited ©
the deposition of mixed metal oxides as the stoichiometry can be readily varied.

In this paper, we report synthetsis and electrochromic characteristics of titanium doped tungsten oxide Ti: WO; films
The effect of the dopant concentration on the primary electrochromic parameters was investigated. X-ray diffractometry
(XRD), scanning electmp microscopy (SEM), optical spectroscopy, and cyclic voltammetry were the principal techniques
used to study the properties.
2. EXPERIMENTAL

2.1 Synthesis of the coating solutions

Tungsten oxide coating solutions were synthesized from peroxo-polytungstate precursors. Preparation of the
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WO, coating solutions have already been described in detail elsewhere '*'* and so will only be briefly described here. Stable
rungsten oxide coating solution were synthesized using a route based on dissolution of metallic W (1,0-1.3 pm in particle
size) powder in a 30% hydrogen peroxide H,0, aqueous solution. It was dried in a rotary evaporator at 25 °C after removing
excess Hz0; catalytically with a platinized Pt net. An amorphous yellowish powder ( solid peroxotungstic ester, W-IPA) was
obtained. The coating solutions were prepared immediately before use by dissolving W-IPA into ethanol EtOH in the ratio of
2 mol (in terms of total metal) to 1: 1. The variation in titania content was achieved by simply adding titanium ethoxide Ti(O-
Et) with stirring. The doping concentration Ti/W mole ratio as a percentage was varied from 0-20 % in the solution. The
resulting solutions were remarkably stable for 3 weeks, whereby the addition of Ti(O-Et)s even seemed to increase the
stability. Figure 1 shows the flow chart of the experimental procedure followed to produce Ti:WO; films.

2.2 Fabrication of electrochromic films

Precleaned quartz and transparent conducting Tec 15 glass substrate (14.5C)/crm’ fluorine doped tin oxide, Libbey-
Owens-Ford Corporation) were used as substrates. The coatings were fabricated by spin coating on a custom-made spin
coater. Ti:WO; films were produced under ambient atmosphere with a spinning rate of 1200 rpm. The films were fired in a
circulating air oven to a temperature of 150 °C at a rate of 1 °C/min for one hour. The average fired thickness of the single
jayer Ti:WO; films was determined to be 0.25-0.27 pm depending on the titanium concentration. A slight increase of the film
thickness with increasing titanium content was observed. All coatings were uniform and continuous.

2.3 Characterization of coatings

The deposited films were analyzed using various characterization techniques. The film thickness was measured using
Alpha-Step 200 surface profiler (Tencor Instruments). Structural investigation was performed by X-ray diffraction. XRD
spectra were collected for doped and undoped WO, films deposited on soda-lime glass. A Philips Model PW 1710
diffractometer with a Ni-filtered CuK, (A = 1.542 A ) source was used for XRD examinations. Step scans with a step size of
20 = 0.02 ° were performed in the range 5<20 <90 °. The surface morphologies of the films were observed by a Jeol Model
JSM 6400 scanning electron microscope. A gold coating was deposited on the samples to avoid charging the surface. The in-
situ spectroelectrochemical measurements were carried out using Shimadzu Model UV 3100 double beam spectrophotometer
in the 0.3-1 pm wavelength range. Electrochemical experiments were performed in a three electrode cell. The films were
cycled in a non-aqueous 1M LiClO4/propylene carbonate solution at room temperature. Cycling was carried out
galvonostatically. A Pt foil was used as the counter electrode and Ag/AgCl as a reference electrode. The area of the
film/electrolyte interface was 2 cm? The voltammetric and chronoamperometric measurements were accomplished in a
Solatron 1286 electrochemical interface analyzer. Cyclic voltammetry was performed at the voltages between -1.5and 05V
relative to Ag/AgCl with a scan rate of 10 mV/s. Current was recorded during 10, 100, and 500 cycles under the conditions
described above.

3. RESULTS AND DISCUSSION

The films were smooth, highly uniform, and showed good adhesion to the substrate. They also showed long term
stability with respect to their optical and electrochemical properties. Films of various thicknesses were obtained by varying
the amount of doping material. By observing the surface morphology and optical transparency, it was found that a heat
treatment of 150 °C was necessary.

X-ray diffraction studies were carried out on doped WO; films heat treated in the 150-450 °C temperature range. In
Figure 2, XRD patterns are presented for the Ti: WO, films. All Ti doped WO, films heat treated below 300 °C were
completely amorphous without any significant diffraction peaks of TiO, and WO, films. After firing the films at 400 °C a set
of peaks appeared which belongs to TiO, and WO;. Analysis of XRD spectra on the crystalline Ti:WO, films showed TiO;
peak due to (101) plane in the anatase phase and WO, peaks due to (111) and (021) planes in the hexagonal lattice. ‘

Surface morphologies of 5 mole % Ti doped WO, films heat treated at 150 °C are shown in Figure 3. It is observed
that in all cases films are relatively smooth with few pinholes or microcracks throughout the film. SEM cross sectional
morphology of the films show that both undoped and Ti doped WO, films are very uniform. It is seen from the cross sectional
examinations that surface roughness increases with increasing titanium concentration from 5-20 mole %. However, non-
uniformity is not observed even in the 20 % Ti doped film. ’
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Coloration of films was carried out in a nitrogen- purged three electrod.e cell. Cyclic vol.tan;:r-n oy ;vasmused for lithium
insertion reaction. Cyclic voltammograms (CV) for four different compositions are shown in | u‘lg,‘l‘fe - The t:hape of the
voltammograms for films with < 5 mole % Ti are essentially similar as for WO, films. Fllﬂ:S with Ti content below 5 mole
% had similar current density as undoped WO, films. Films with Ti content above 5 n‘).ole % had lz:ra; charge density ang
therefore a lower absorption. Voltammograms for films with a Ti content abfwe 5 mole % had a;:(;u , :/d;pendence on Ti
doping. Generally, current and charge densities decreases with increasing Ti content. BRI VioH 2 1m0 56 d0ped'ﬁlm‘1§
shown in Figure 5. Anodic peaks on the bleaching cycle are observed at about 0.7V vs AﬁWa and associated with [
exiraction. Figure '6 shows the trensmitience spectra of 5 mole % Ti doped WO’ films polarized at the -1.5 and 0.5 V vy
Ag/AgCl. Spectral behavior was quite similar to the undoped WO; films. A further increase in Ti content resulted in a slight
decrease in colored state transmittance. The coloration efficiency (CE) of Ti:WO; films was determined spectroscopically
using an in-situ galvanostatic ramp. Electrochromic coloration efficiency (n) calculated using optical density (AOD) values
(AOD = log(Ty/T.) where b: bleached, c: colored) n defined as AOD per unit charge injected (n=AOD/Q). Coloration
efficiency recorded at a wavelength of 685 nm. It decreases with increasing titanium content (5-20 m_o{e %). Refmcgve index
of the Ti:-WO; films were determined from transmittance measurements by evaluating interference minima and maxima in the
wavelength range 800-1000 nm."” For all samples the refraction index increases with Ti-doping. The results of the
electrochromic properties of films are listed in Table 1.

Table 1. Optical characteristics of Ti:WO; films after reduction at —1.5 V vs Ag/AgCL.

Ti/W (mole %) Film thick. (nm) CE (Color) cm*/C n (800-1000 nm)
0 250 40 1.87
1 253 41 1.88
5 262 46 1.88
10 263 42 1.89
15 265 36 1.90
20 268 33 1.91

Figure 7 shows the transmittance response of Ti:WO; films. On application of -1.5 V vs Ag/AgCl to the films, the
coloration process begins. In the bleaching process, WO; film returns to the original clear state in 30 s. In contrast, Ti:WO;
film bleaches in 65 s. As shown in Figure 7, the coloration process is considerably slower than bleaching in the WO, films. It
is noted that Ti:WO; films demonstrate perfect reversibility of coloration bleaching cycles within the given potential range.
The films were found stable over 1000 cycles.

4. CONCLUSION

Titanium doped tungsten oxide films deposited from peroxo-polytungstate ursors were investigated by using
electrochemical and physwal nnalysis_ methods. Thc sol-gel process with spin coating C::’Siﬁon B e og:e - c)ti’ﬁcctivc
way for producing Ti:WO; films with good optical quality. Additions of the titanium dopant to the tungsten oxide coating
solutions lead to an increased uolgtnon stability and improved coating qualities. Ti:WO,(1-5 mole %) films showed improved
electrochromic property under Li" insertion/extraction. The titanium doped film with the best overall property was about 3
mole % Ti:WO;. The results led us to undertake a more detailed study of amorphous Ti:WO, films, which at present seem 1©
be very promising for ECD applications.

5. ACKNOWLEDGEMENTS

In the early part of this work, we benefited greatly from discussions with Dr. Anoop Agrawal and Dr. Carl Lampert; We

would like to thank them for their assistance. We would like to thank Dr. Yalcin Tanes for use of the structurd

characterization facility in the Arcelik Research Laboratory. This work was .o under
Contract No. 0-2 57-97. supported by the .U Research Foundation



6, REFERENCES

C.Q. Grangvist., Handbook of Inorganic Electrochromic Materials, Plsevier, Amsterdam, 1995, .
p.M.S. Monk, R.J. Mortimer and D.R. Rosselnnky, Llectrochromics, Fundamentals and Applications, VHC, Weinhem,

1995,
3. C.M, Lampertand C. G. Granqvist, Large-Area Chromogenics, SPIE PressBellingham, WA, USA, 1990.
perties of gol-gel deposited doped tungsten

N. Ozer, C.M. Lampert and M.D. Rubin, “Optical and electrochromic pro
oxide films”, Internal Report, Lawrence Berkeley National Laboratory, LBL, 1D-2163, January, 1996.
J. Gottsche, A. Hinsch and V. Wittwer. “Electrochromic mixed WO,-TiO, thin films produced by sputtering and the sol-

gel technique: A comparison” Solar Energy Materinls and Solar Cells 31, pp.415-428, 1993.
6. S. Hashimoto and H. Matsuoka. “Lifetime of electrochromism of amorphous WO,-TiO; thin films, J. Electrochem.

Soc, 138, pp.2403-2408, 1991. .
7. ). Zhang, D.K. Benson, C.E. Tracy, S.K. Deb, A, W, Czanderna and R.S. Crandall, “Optimization study of solid state
electrochromic devices based on WOy/Li-polymer electrode/V,0s structures”, J. Flectrochem. Soc. 141, pp.2795-2800,

—

1994,
g S.Badilescu, P.V. Ashrit, N. Minh-Ma, G. Bader, F.E. Girouard and V.V, Truong, “§tudy of lithium intercalation in
10 WO, films prepared by different methods” , Thin Solid Films 250, pp. 47-53, 1994. ) _
ittance coatings using

9. S.F.Cogan, R.D. Rauh, J.D. Klein, N.M. Nguyen, R.B. Jones, and T.D. Plante, “Variable transmi
electrochromic lithium chromate and amorphous WO; thin films”, J. Electrochem. Soc. 144, pp. 956-960, 1997 A
10. M.A. Acgerter, “Sol-gel chromogenic materials and devices”, In Structure And Bonding, 85, pp- 149-194, Springer,

Berlin, 1996.
11. N. Ozer and C.M. Lampert, “Sol-Gel deposited electrochromic coatings”, Technical Digest V-17, pp.344-349, 1995.

12. A. Agrawal, J.P. Cronin and R. Zhang, Review of solid state electrochromic coatings produced using sol-gel
techniques”, Solar Energy Materials And Solar Cells, 31, pp.9-15, 1993.

13. J. Brinker And G.W. Scherer, Sol-Gel Science , Academic Press, San Diego, 1990.
14. K. Tatsumi, M. Hibino, T. Kudo, “Synthesis of new tungsten bronze phases from peroxo-polytungstate precursors”, Solid

State lonics 96, pp.35-40, 1997.
15. 1.P. Cronin, A. Agrawal, D.J. Tarico,
U.S.Patent 5,277,986, January 11, 1994.
16. 1.P. Cronin, D.J. Tarico, A. Agrawal and R.L.
252, 354, October 12, 1993.
17. E. Aktulga, “Optical parameters of a weakly absorbing film by spectrophotometric transmittance measurements”,

Ph.D.Thesis, Istanbul University, Istanbul, 1983.

J.C.L. Tonazzi, “Method for depositing high performing electrochromic layers”

Zhang, “Method for depositing electrochromic layers”, U.S. Patent 5,



pale Yellow Solution, pH

Dried at 25 (&)
Remove H20; and ﬁ‘k@

S e
Glassy Solid W-IPA

i

W-IPA + EtOH

Ti(O-Et)s

Coating Solution

Spin Coating, 1200 rpm

Firing at 100 °C, 1 h

Amorphous Ti:WO; Film

Fig. 1: '
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Fig. 2. XRD spectra of Ti:WO, films deposited on soda-lime glass substrates.




[
o

1
2
o

/ —_—-207%

CURRENT DENSITY (mA/cm?)

)

)

o
|

1 1 1 l i
-1.5 -1.0 -0.5 0 0.5

POTENTIAL vs Ag/AgCL _
Fig. 4. Cyclic voltammograms of amorphous Ti:WO; films in 0.5 M LiClO,/PC Solution for different

compositions.
0.5 - —

= v ~
E

J

=~

<<

£ oo

>

=

n

=

L

O -05 -

-

=

L

(e 4

cc

-2 1.0

(W

<05 1 1 ! |

-1.5 -1.0 - 0.5 0 Q5

POTENTIAL vs Ag/AgNO3 (V)

Fig. 5. Cyclic voltammograms of 5 mole % Ti doped WO, films in 0.5 M LiClO,/PC solution for
different scan rates. :



, 100
80 -
o\° bleached
R 60 |-
)
e
<
. }_.
=
B 40T
%)
e
g
i)
colored
1 1

WAVELENGTH (nm)

6 um thick Ti:WO; (5 mole %) film in the reduced (doted line,
oxidized (solid line, bleached at 0.5 V) state.



100

TRANSMITTANCE (%)

0 1 ] 1 ]
0 70 140 210 280 350
TIME (sec)

Fig. 7. Optical switching response of 5 mole % Ti doped WO, film by the application of square wave
potentiostatic pulses between -1.5 and 0.5 V vs Ag/AgCl, recorded at 550 nm.



