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Abstract. In this work, electrochromic Prussian blue (PB) and tungsten oxide (WO3) thin films have been prepared
by the chemical bath deposition method. The films have been deposited onto fluorine doped tin oxide (FTO) coated
glass substrates. Electrochromic behavior of each film was studied by cyclic voltammetry. An electrochromic test
device (ECTD) was constructed by using WO3 as a working electrode, together with a PB film as an opposite (counter)
electrode, and aqueous solution of 1 mol/dm3 KCI, slightly acidified with 2 drops of conc. HCl in 100 ml, as an
electrolyte. The optical transmission spectra of the bleached and colored states were recorded in the visible part of the
spectrum. The contrast ratio was calculated from these spectra. The coloration efficiency and the time response of the

ECTD were also examined.
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1. INTRODUCTION

The last few years we are witnesses of gradual
increase in the environmental problems. Global
warming due to the increasing of carbon dioxide
emission has been one of the major problems that
appeared and threatened our environment in many
aspects. Since environment protection is now an
unavoidable subject, it has become a priority to reduce
our energy consumption. Perhaps it sounds incredible,
but buildings, consuming more than one third of the
overall energy worldwide, have more impact on
environment than industry and transportation. This is
the reason why, the energy consumption reduction in
the buildings is a big challenge for every country in the
world.

Over the last years, building design has been
oriented toward the optimization of energy usage, the
protection of the environment and the occupants’
comfort [1]. On the other hand, modern urban
architecture involves the construction of large
buildings with a big percentage of glazed areas. Since
glazing constitutes one of the less energy efficient
components of the building envelope, the reduction of
building energy consumption becomes an important
challenge not only for the architects and -civil
engineers, but also for the scientists. Control of the
energy transfer through windows is very important in
connection with reduction in energy consumption. The
poor energy efficiency of glazing compared to the other

components of the building envelope offers great
opportunities to develop new glazing technologies that
are more energy efficient.

Electrochromic glazing (i.e. smart windows) is a
new technology which has the potential to transform
the way we use glass in buildings [2]. Crucial role in
electrochromic windows have special materials that
have electrochromic properties. “Electrochromic”
describes materials that can change their optical
properties (color) by applying a small voltage. When
thin films of such materials are integrated in devices, it
becomes possible to modulate the transmittance,
absorptance, reflectance and emittance between widely
separated extrema [3]-[5]. A standard electrochromic
design consists of a substrate coated with a transparent
conductor, the electrochromic film, an electrolyte, a
film serving as ion storage (ideally with electrochromic
properties complementary to those of the first
electrochromic film), another transparent conductor
and a substrate. When a small voltage is applied
between the transparent conductors, ions are forced to
transfer from the ion storage film, through the
electrolyte, to the electrochromic film. At the same
time the electrons are injected into the electrochromic
film from the substrate. The electrons are needed to
preserve charge neutrality. Optical properties are
altered as an effect of injection of electrons into the
electrochromic film. Reversing the voltage polarity
brings back the original properties [6].

The electrochromic material is the optically active
material in the electrochromic device. It is deposited on
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top of the transparent conductor. There are a number
of methods to produce the electrochromic materials in
the form of thin film [3]. Electrochromic properties of
the films strongly depend on the preparation method,
which means that the films of same material prepared
by different method have different electrochromic
properties.

Among the vast number of thin film deposition
methods, chemical bath deposition has many
advantages: it does not require sophisticated
equipment like vacuum system and other expensive
instruments, the starting chemicals are commonly
available and cheap, various substrates including
insulators, semiconductors or metals can be used, and
the preparation parameters are easily controlled [7]-
[11].

This paper presents investigations of visible light
modulation using electrochromic test device (ECTD)
with complementary electrochromic films prepared by
chemical bath deposition method.

2. MATERIALS AND METHODS

Tungsten oxide (WO;3) and Prussian blue [PB,
iron(III) hexacyanoferrate(Il)] electrochromic thin
films have been deposited onto fluorine doped tin oxide
(FTO) coated glass substrates commercially available,
with transparency of about 80% for visible light and
sheet resistance of about 15 Q/o. Electric resistivity
and transmittance are the most important properties
for the transparent conducting layers (FTO) in
electrochromic applications. The layers should have
high electronic conductivity because the electric field
needed for electrochromic devices to work is applied
between these conducting layers. The electrical
properties of the FTO layers affect the responsiveness
of the electrochromic devices. On the other hand, these
layers should not affect the transmittance.

2.1. Deposition of tungsten oxide thin films

The deposition of the WO;3; thin films was
performed from one solution prepared of 1.65 g
Na.WO,-2H-0 dissolved in 90 ml deionized water [9].
The substrates were vertically supported against the
walls of the beaker. Then, the whole system was heated
slowly, up to 95° C with continuous stirring. The
deposition time was 20 min. The thickness of the films,
measured by Dectak Stylus Profilometer, was 150 nm.

2.2. Deposition of Prussian blue thin films

PB thin films were deposited from two solutions.
One of the solutions was prepared by mixing of 15 ml
0.1 mol/dm3 Fe»(SO,)3, 90 ml H.O, 0.5 g EDTA
(Ethylenediaminetetraacetic acid) and 10 ml 3
mol/dm3 HCI, while the second solution was an
aqueous solution of 15 ml 0.1 mol/dm3 K4[Fe(CN)e],
90 ml H-O and 10 ml 3 mol/dm3 HCIl. Before the
deposition, the solutions were heated up to 60° C. The
films were produced by successive immersion of the
substrates into the solutions [11]. The thickness of the
films depends on the number of immersion cycles. In
this work PB films were deposited by 20 cycles, which
results with 140 nm thick films.
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2.3. Characterization

The electrochromic behavior of WOx and PB thin
films was examined by cyclic voltammetry (CV) which
was performed using Micro AUTOLAB II equipment
(Eco-Chemie Utrecht Netherlands). A saturated
calomel electrode (SCE) and a platinum wire were used
as a reference and counter electrodes respectively. The
cycling was carried out in 1 mol/dm3 KCl aqueous
solution, slightly acidified with 2 drops of conc. HCI in
100 ml of the solution, as an electrolyte. The voltage
scan rate was 10mV/s, and the film working area was
1cm2.

In order to obtain the visible light modulation, an
electrochromic test device (ECTD) was designed. It
consisted of home built glass cell filled with the same
electrolyte we used in CV measurements, in which two
electrodes were immersed. One electrode was WOj; thin
film deposited on FTO substrate (working electrode)
and the other was PB thin film deposited on FTO
substrate (counter electrode). The active surface area of
the electrodes was approximately 6 cm2. Fig. 1 depicts
the cross section of the so-designed ECTD.

The visible transmission spectra of the ECTD were
investigated using Varian CARY 50 Scan UV-Visible
spectrophotometer in the wavelength range from 350
to 900 nm. An electrochromic cell with two clean FTO
substrates filled with electrolyte was measured as 100%
background. The coloration and bleaching of the ECTD
were performed with applied voltages of -2.5 V and
+2.5 V, respectively.

Figure 1. Cross-section of the ECTD: 1-glass, 2- FTO, 3- (WOx)
film, 4- electrolyte, 5-PB film, 6- light source, 7-light detector.

The visible transmittance spectra were used for the
calculation of the contrast ratio CR [12]. Contrast ratio
is a parameter that quantifies the intensity change
between the different color states of the ECTD, and can
be calculated by equation:

CR= % (€Y

where 7, (/1) and T, (/1) are the transmittance data (at

a particular wavelength) of the ECTD in its bleached
and colored states respectively.

An important parameter for the characterization of
the electrochromic films and devices is the coloration
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efficiency 77(/1) which represents the change in the

optical density AOD per unit charge density change
AQ/A during coloration [13] and can be calculated by
the equation:

77(/1): AlOg(Tb/Tc)

AD (2)

where T;, and 7, are the transmittance data of the

bleached and colored states respectively, AQ is the
change of the injected/ejected charge determined by
the applied current through the ECTD and the time of
its application, and A is the active electrode area. It can
be shown that the overall coloration efficiency of the
complementary electrochromic system is the sum of
the coloration efficiencies of the individual coloring
films. That is, the overall coloration efficiency is the
sum of coloration efficiency of the working electrode-

7, (ﬂ), and that of the counter electrode- 77, (l) , Or:

n(A)=n,(4)+n,(1)=
{Alog(n/n)} +{Alog(r,, /. )} )

AQ AQ

The time taken for an electrochromic material or
device to switch between its colored and bleached
states is known as response time. The responsiveness
of the ECTD was examined at 550 nm (white light) as a
transmittance change due to the abrupt voltage change
between -2.5 and +2.5 V.

3. RESULTS AND DISCUSSION

Chemically deposited WO; and PB thin films
investigated in this work exhibited good electrochromic
properties. They could be repeatedly colored and
bleached with the alternative application of a negative
and positive potential. WO; is cathodically coloring
material, which means that it possess a reduced
colored state, while PB is anodically coloring material
with oxidized colored state.

The cyclic voltammograms (CV) for the WO;3 film
were obtained by sweeping the potential in the range of
-0.8 to 0 V vs. SCE at scanning rate of 10 mV/s (Fig. 2).
From CV curves one can observe an increase of the
cathodic current density to -0.86 mA/cm? at -0.8 V,
due to the reduction process occurring in the film, and
its switch to the blue color, whereas at -0.54 V anodic
peak is observed and is due to the oxidation process
and bleaching of the film [14]. The coloring/ bleaching
process is in direct relation with intercalation and
deintercalation of potassium ions expressed by the
following equation:

WO, (transparent )+ XK * + xe”

- K,WO, (colored) (3

K, WO, (colored)

D
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Figure 2. Cyclic voltammograms (five cycles) at 10 mV/s scan
rate for chemically deposited WO3 film in 1moll/dmg3 KCl
aqueous solution. Arrows indicate direction of the
potential scan
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Figure 3. Cyclic voltammograms (five cycles) at 10 mV/s scan
rate for chemically deposited PB films in 1moll/dm3 KCl
aqueous solution. Arrows indicate direction of the
potential scan

The cyclic voltammograms for the PB film, depicted
in Fig. 3 and recorded at a scanning rate of 10 mV/s,
were obtained by sweeping the potential in the range of
-0.8 to +0.6 V vs. SCE. It can be seen that CV curves
show two sharp peaks. The oxidation peak at 0.21 V
and the reduction peak at 0.18 V are due to the coloring
and bleaching processes respectively. Bleaching
process is followed by reduction of Felll ions and
intercalation of potassium ions:

KFe" [Fe " (CN)6 ](colored)+ K" +e

— K, Fe " [Fe " (CN )6 ](transparent) 4

The coloration is followed by the opposite process —
oxidation of Fe!l ions and deintercalation of potassium
ions:

K, Fe" [Fe I (CN)6 ] (transparent) 4b)

4

— KFe™ [Fe 1 (CN)ﬁ ] (colored)+ K" +e

Chemically deposited WO3; and PB electrochromic
thin films were used for designing an ECTD (Fig. 1).
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This ECTD shows light modulation by applying a DC
potential between working (glass/FTO/WO3;) and
counter (glass/FTO/PB) electrodes. Coloration is
achieved by applying -2.5 V of the WO; side, and
reversal potential shows bleaching. When a potential is
applied across the two electrodes, potassium ions are
shuttled through the electrolyte between the anodic
(PB) and the chatodic (WO3) electrochromic film. At
the same time, electrons are shuttled to/from the
electrochromic films from/to the electronically
conductive layers (FTO). When potassium ions and
electrons meet in cathodic (WQOs3) electrochromic film,
reduction of WO;3; occurs and its color changes from
transparent to deep blue as depicted by Eq. (3a),
whereas at the same time, oxidation of PB counter
electrode occurs due to the extraction of potassium
ions and electrons, and its color also changes from
transparent to blue as depicted by Eq (4b). As a result,
ECTD is blue colored. When potassium ions and
electrons meet in anodic (PB) electrochromic film, by
changing the polarity of the applied potential,
reduction of PB occurs and its color changes from deep
blue to transparent as depicted by Eq. (4a), whereas at
the same time, due to the extraction of potassium ions
and electrons, oxidation of WO; working electrode
occurs and it becomes transparent according with Eq.
(3b). As a result, ECTD is bleached. Ion transport
occurs between the two electrochromic films via
electrolyte. Fig. 4 presents photograph of ECTD in its
colored and bleached (transparent) states.

Figure 4. Photographs of ECTD in its colored and bleached
states after application of E=-2.5V, and E=+2.5V,
respectively

The visible transmission spectra of the ECTD, in the
wavelength range from 350 to 900 nm in transparent
(bleached) and colored states are presented in Fig. 5.
When a positive potential is applied (+2.5 V), ECTD is
transparent with transparency of ~70% in the visible
range. The application of negative potential (-2.5 V)
promotes the color change to blue and a drop of
transmittance of the ECTD to less than 10% at the
same time.

Figure 6 presents the contrast ratio of the ECTD
between the transparent and the colored states, in the
wavelength range between 350 and 900 nm, calculated
by the equation (1). As can be seen from this Figure,
maximum contrast ratio of 9.5 was achieved at 720 nm.

The graphical presentation of the optical density
change AOD as a function of the charge density change
AQ/A is depicted in Fig. 7. The coloration efficiency
n() at 550 nm (the wavelength at which the human
eye is most responsive) was determined as a slope from
the linear part of the graph, and it was found to be
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71.85 cm2/C. This value is very close to the values
reported earlier [15]-[17] for electrochromic devices
based on WO; and PB prepared by different methods
and with different electrolyte.
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Figure 5. Visible transmittance spectra of ECTD in colored
and bleached states after application of
E=-2.5V, and E=+2.5 V, respectively
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Figure 6. Contrast Ratio of the ECTD between its transparent
and colored states
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Figure 7. Optical density variation with respect to the charge
density recorded at 550 nm
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In order to examine the time response (coloring
and bleaching times), the transmittance at 550 nm was
measured trough the ECTD (Fig. 8). The applied
potential was switched between +2.5 V (bleached state)
and -2.5 V (colored state). The bleaching and coloring
times, defined as the time to reach 70% of the final
change in the transmittance [18], were found to be 7.2
and 2.8 s respectively. It means that the coloring
process is faster than bleaching process. It could be
explained with the higher resistivity of KxWO3 and
KFe[Fel(CN)s] (colored state) than WO;3; and
KoFell[Fell(CN)s] (bleached state). The similar results
were reported in [19] and [20] for WOs films, and [21]
for PB films.
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Figure. 8 Switching time characteristics at 550 nm, between
the bleached and colored states for the complementary
electrochromic test device measured at +2.5 V

4. CONCLUSIONS

Electrochromic WO; and PB thin films were
synthesized by chemical bath deposition. The method
is simple, economical, and offers a possibility for large
area deposition. The chemicals are available and
relatively cheap. The obtained films exhibited good
electrochromic properties. They were stable and
exhibited excellent reversibility. WO; films were
transparent in oxidized and became blue in reduced
state (chatodic coloration), while PB films had a blue
color in oxidized and became transparent in reduced
state (anodic coloration). A complementary ECTD
based on chemically deposited WO3 and PB films was
fabricated and demonstrates a large difference in the
transmittance (63%) and contrast ratio (9.5) at 720
nm, fast switching response (t.=2.8 s and t»=7.2 s) and
good coloration efficiency (71.85 ¢cm2C?) comparable
with those reported earlier. Finally we can conclude
that chemically deposited WO3; and PB thin films could
be very promising materials for applications in
electrochromic devices. The complementary device
based on these films holds great promise for potential
applications in energy-saving smart windows.
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