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Abstract. The chemical bath deposition method was employed for the preparation of iron hexacyanoferrate 
(FeHCF), cobalt hexacyanoferrate (CoHCF), and tungsten oxide (WO3) films. The films were deposited onto fluorine-
doped tin oxide (FTO) coated glass substrates. For practical electrochromic investigations, an electrochromic test 
device (ECTD) was constructed consisting of FeHCF (or CoHCF) films as the working electrode, together with WO3 
film as the counter electrode, in 1 M KCl aqueous solution as an electrolyte. Visible transmittance spectra were 
recorded in-situ. The output integral of the spectral intensity and the spectral modulation, as well as saved energy, 
were calculated by taking the solar irradiance spectrum AM 1.5 for a normal illumination on the ECTD and its 
transmittance data in the bleached and colored states. 
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1. INTRODUCTION 

Last century was the century of industrial and 
technological development which caused an increase in 
emissions and heat. The final result was increased air 
pollution and temperature of the Earth’s climate. The 
problem of air pollution is not only a “privilege” of 
developed countries but also of the developing and 
undeveloped countries. This problem is especially 
present in the winter, when we have increased energy 
consumption. Buildings, using energy for lighting, 
heating and cooling, have more impact on the 
environment than industry and transportation because 
they consume more than one third of the overall energy 
world-wide. There is no doubt that one of the biggest 
problems of the present century is air pollution, and 
one of the biggest challenges throughout the world is 
environmental protection. The challenge is too complex 
and requires multiple simultaneous responses and 
solutions. It is obvious that reducing energy 
consumption in buildings must be a part of the 
solution. 

Over the last decade, building design has been 
oriented toward the reduction of energy consumption 
and the protection of the environment. On the other 
hand, people’s comfort requires a big percentage of 
glass areas in buildings because of the positive impact 

that natural daylight has on people’s health and 
wellbeing [1]. Beside these desirable benefits, highly 
glazed buildings also have negative effects in terms of 
indoor comfort: buildings are difficult to heat during 
the winter and tend to overheat in the summer. It 
means that achieving good comfort inside highly glazed 
buildings is mostly at the cost of high-energy 
consumption [2]. As one of the less energy efficient 
components of the building envelope, glazing has a 
huge impact on the building energy consumption. This 
is the reason why window choice plays a crucial role in 
the reduction of building energy consumption. The 
control of the incident solar radiation through the 
windows is very important for achieving indoor 
comfort and greater energy efficiency in buildings [3].  

The need to achieve both, visual comfort and 
energy efficiency inside the buildings, led to the 
development of innovative dynamic glazing 
technologies, whose aim is to reduce heat loss, and to 
control incoming solar radiation, in order to maximize 
the solar gain in winter and minimize it in summer, as 
well as to ensure the best natural lighting conditions 
with no glare [4]. Among these technologies, 
electrochromic glazing (smart windows) offers the 
highest potential for adaptation in regard to solar 
radiation [1], [5]. The development of smart windows is 
the subject of intensive research, as the 
implementation of such technology would lead to a 
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significant reduction in energy consumption in highly 
glazed buildings by reducing cooling loads, heating 
loads and the demand for electric lighting, as well as 
improving indoor comfort due to less glare and thermal 
discomfort [6], [7]. 

Smart windows can be reversibly switched between 
transparent and colored states by means of a small 
applied voltage resulting in thermal and optical 
properties which can be dynamically controlled [8]. 
This dynamic control is due to special materials that 
have electrochromic properties. 

A standard electrochromic device consists of an 
ionic conductor (electrolyte) placed between the 
electrochromic film and counter electrode, which in 
turn is placed between transparent conductors [6], [8]. 
The counter electrode may also have electrochromic 
properties complementary to those of the first 
electrochromic film. When a small potential is applied 
between the transparent conductors, ions are inserted 
or extracted from the electrochromic film due to an 
electrochemical reaction, resulting in a modulation of 
optical properties [9].  

 The electrochromic film is the optically active 
element in the electrochromic device. It is deposited on 
the transparent conductor. The deposition method has 
a crucial role in the electrochromic properties of the 
films, which means that different methods create films 
with different electrochromic properties. 

In this paper, we prepared WO3, FeHCF, and 
CoHCF thin films via a chemical bath method. The 
solar light modulation was investigated using an 
electrochromic test device (ECTD) consisting of a 
FeHCF (or CoHCF) film as the working electrode, and 
WO3 film as the counter electrode in 1 M KCl aqueous 
solution as an electrolyte. 

2. MATERIALS AND METHODS 

2.1. Deposition of the films 

Tungsten oxide (WO3), iron hexacyanoferrate 
(FeHCF), and cobalt hexacyanoferrate (CoHCF) films 
were chemically deposited onto fluorine-doped tin 
oxide (FTO) coated glass substrates commercially 
available, with a sheet resistance of about 10–20 Ω/□ 
and a transparency of about 80%. 

The deposition of WO3 films was carried out from 
an aqueous solution of Na2WO4·2H2O, while the 
deposition of the hexacyanoferrates was performed 
from two solutions. For the deposition of FeHCF the 
first solution was a mixture of 0.1 mol/dm3 Fe2(SO4)3, 
aqueous solution of H2O, EDTA, and 3 mol/dm3 HCl, 
while the second solution was a mixture of 0.1 mol/dm3 
K4[Fe(CN)6], H2O and 3 mol/dm3 HCl. The deposition 
of CoHCF films was carried out from a mixed 0.1 
mol/dm3 aqueous solution of CoCl2, H2O and 3 
mol/dm3 HCl as the first solution, and an aqueous 
solution prepared by mixing 0.1 mol/dm3 K4[Fe(CN)6], 
H2O, and 3 mol/dm3 HCl as the second solution. The 
thickness of the WO3 films depends on the deposition 
time, while the thickness of the hexacyanoferrate films 
depends on the number of immersion cycles. In this 
paper, the investigation was carried out with 150-nm-

thick WO3 films, 140-nm FeHCF films and 370-nm 
CoHCF films. The detailed descriptions of the 
deposition procedures were previously published 
elsewhere [10 – 12]. 

2.2. Characterization 

In order to investigate the solar light modulation, 
an electrochromic test device (ECTD) was designed. It 
consisted of a home-built glass cell filled with the 1 M 
KCl aqueous solution as an electrolyte in which two 
electrodes (working and counter) were immersed [3].  

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. 

Two experiments were carried out. In the first 
experiment (A), FeHCF thin film deposited on an FTO 
substrate was used as a working electrode in the ECTD, 
while CoHCF thin film deposited on an FTO substrate 
was used as a working electrode in the second one (B). 
A WO3 thin film deposited on an FTO substrate was 
used as a counter electrode in both measurements. An 
electrochromic cell with two clean FTO substrates filled 
with electrolyte was measured as 100% background. 
The spectra were recorded in both the bleached and 
colored state of the films. A potential of 2 V was used 
for the coloration and bleaching of the ECTD. The 
active surface area of the electrodes was approximately 
6 cm2. 

Using the solar irradiance spectrum AM 1.5 [13] for 
a normal incident illumination on the ECTD together 
with the recorded transmittance spectra of the ECTD in 
the bleached and colored states, the output integral of 
the spectral intensity, the integral of the spectral 
modulation, and the saved energy were calculated [14], 
[15].  

3. RESULTS AND DISCUSSION 

All the films investigated in this work revealed good 
electrochromic properties [3], [16-18]. They reversibly 
changed color by alternative application of a positive 
and negative potential. 

WO3 is a cathodically coloring material, which 
means that it possesses a reduced colored state, i.e., 
coloration at a negative potential. Chemically deposited 
WO3 thin films were transparent in the as-deposited 
state and changed their color between transparent 
(positive potential) and deep blue (negative potential) 
[16]. 

Unlike WO3, FeHCF and CoHCF are anodically 
coloring materials, which means that they possess an 
oxidized colored state, i.e., coloration at a positive 
potential. Chemically deposited CoHCF films were also 
transparent in the as-deposited state and changed their 
color between brown (positive potential) and 
transparent (negative potential) [12]. 

FeHCF is a polyelectrochromic material, which 
means that it displays more than two distinct visible 
color changes (more than two red-ox states are 
available). In a thin film form, it has a deep blue color 
in its as-deposited state, green (partly oxidized state) 
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and yellow (fully oxidized state) color at a positive 
potential and is transparent at a negative potential [17]. 

The optical transmittance spectra of the ECTD in 
the wavelength range from 350 nm to 900 nm in 
transparent (bleached) and colored (darkened) states 
for both experiments, are presented in Fig. 1. One can 
see a significant transmittance difference that occurs in 
both systems.  

 
Figure 1. Visible transmittance spectra of ECTD in the 

bleached and colored states after application of U= 2 V.  
A denotes the FeHCF-WO3 system and B denotes the  

CoHCF-WO3 system  

The contrast ratio was calculated from the visible 
transmittance spectra using the equation [3], [19]:  
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where  bT  and  cT  are the transmittance data (at 

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

Figure 2 presents the contrast ratio of the  
FeHCF-WO3- (A) and CoHCF-WO3-based (B) ECTD, 
between the transparent and the colored states, in the 
wavelength range between 350 and 900 nm, calculated 
by Equation (1). 

 
Figure 2. Contrast Ratio of the FeHCF-WO3- (A), and 

CoHCF-WO3-based (B) ECTD, between its transparent and 
colored states.  

As can be seen from Fig. 2, the FeHCF-WO3 based 
ECTD (A) achieves a maximum contrast ratio of 9.5 at 

720 nm, while the contrast ratio of the CoHCF-WO3-
based ECTD (B) increases with increasing wavelength 
along the whole visible spectrum, with a tendency to 
continue increasing in the infrared region. 

Finally, taking the solar irradiance spectrum AM 1.5 
as a normal incident illumination on a FeHCF-WO3- 
and CoHCF-WO3-based ECTD and its transmittance 
spectra in the bleached and colored state for both 
systems, the integrals of the spectral modulation ( ) 
and saved energy (SE) were calculated by using the 
equation [15]:  
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where  bT  and  cT  are the transmittance at the 

bleached and colored state respectively,  I  is the 

solar irradiation intensity at a specific wavelength, 
expressed in (W m-2 nm-1). The solar energy is 
calculated by integrating the solar intensity in the 
wavelength range between 350 and 900 nm. The saved 
energy is calculated as: 
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Figure 3. Spectral intensities of the transmitted AM 1.5 solar 
irradiance spectrum across the FeHCF-WO3-based ECTD in 

the bleached and colored states.  

 
Figure 4. Spectral intensities of the transmitted AM 1.5 solar 
irradiance spectrum across the CoHCF-WO3 based ECTD in 

the bleached and colored states.  
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The calculated output spectral intensities 
transmitted across the FeHCF-WO3 and CoHCF-WO3 
based ECTD are presented in Fig. 3 and Fig. 4 
respectively. 

The results from the numerical integration for the 
spectral intensity within the visible region (from 350 to 
900 nm), saved energy, and solar energy modulation, 
are presented in Table 1.  

Table 1. Integral transmitted intensity (It) from 350 - 900 nm 
across the FeHCF-WO3 and CoHCF-WO3 systems in the 

bleached and colored states, together with the saved energy 
(SE) and solar energy modulation (M) 

System State It [W∙m-2] SE [W∙m-2] M [%] 
bleached 422.95 

FeHCF-WO3 
colored 148.22 

274.73 65 

bleached 464.66 
CoHCF-WO3 colored 121.42 

343.24 74 

 

As can be seen from Table 1, the estimated saved 
energy and integrated intensity modulation are 274.73 
W m-2 and 65% for the FeHCF-WO3-based device, and 
343.24 W m-2 and 74% for the CoHCF-WO3-based 
device. These considerable values give the opportunity 
for chemically deposited FeHCF, CoHCF, and WO3 
electrochromic films to be implemented in smart 
window technologies.  

5. CONCLUSION 

Thin films of iron hexacyanoferrate, cobalt 
hexacyanoferrate, and tungsten oxide were prepared by 
the chemical bath deposition method. All the films 
revealed electrochromism, reversibly changing color 
from transparent to dark by applying a small potential 
and back to transparent, when the potential was 
reversed.  

Two electrochromic test devices were constructed: a 
FeHCF-WO3-based, and a CoHCF-WO3-based. The 
maximum light intensity ability, and saved energy, as 
the AM 1.5 spectrum is taken as an input were 
calculated to be 65% and 274.73 W m-2 for the FeHCF-
WO3 based ECTD, and 74% and 343.24 W m-2 for the 
Co HCF-WO3 based ECTD. These values make these 
films suitable for implementation in electrochromic 
devices for solar light modulation. 
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