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ABSTRACT 

This study evaluated the optical and electrochemical properties of tungsten oxide Electrochromic (EC) 

layers prepared by evaporation and electrodeposition. Minor differences in transparency were observed in 

the visible part of the solar spectrum. However, evaporated WO₃ films exhibited a charge capacity of 43.75 

mC/cm² and a higher bias potential for complete bleaching (approximately 750 mV versus Ag/AgCl). This 

is in contrast to electrodeposited films, which exhibited a charge capacity of 24.87 mC/cm² and a bias 

potential of less than 250 mV versus Ag/AgCl. These differences in charge capacity and bias potential are 

due to the different film morphologies. Film thickness and porosity affect the number of coloration sites 

and the number of Li⁺ ions intercalated into the WO₃ film. Then, "battery-like" and hybrid 

Electrochromic Devices (h-ECDs) were prepared, achieving a Coloration Efficiency (CE) of up to 52 cm²/C 

and a contrast ratio of up to 15:1, depending on the device type and EC layer deposition method. Improved 

open circuit memory was achieved with "battery-like" devices irrespective of the EC layer deposition 

method. However, hybrid ECDs exhibited lower operating voltages and a lower bleaching capability under 

short circuit conditions. Thus, h-ECDs consume less energy to change color and are promising alternatives 

to "battery-like" devices for the dynamic control of incoming solar radiation in buildings. 

Keywords-Tungsten oxide; evaporation; electrodeposition; cobalt redox electrolyte; battery-like electrochromic 

device; hybrid electrochromic device  

I. INTRODUCTION  

Growth in energy demand in the forthcoming years will be 
broadly based on three main areas: transport, industry, and 
buildings. According to a recent report by IEA [1], buildings in 
Europe account for ~40% of the final energy consumption and 
~36% of the Europe’s carbon emissions, since heating, cooling, 
and lighting of buildings require considerable amounts of 
energy. The same applies also for other places in the world [2]. 
Currently, only in the European Union, it is estimated that 
roughly 75% of the building stock is energy inefficient and a 
vast majority of them will still be in use in 2050 [3]. Therefore, 
establishment of long-term renovation strategies is important to 
have achieved zero-emission and fully decarbonized building 
stock by 2050 [4]. At the same time, more frequent and more 
intense weather events in the future will lead to an increased 
impact on buildings’ energy performance [5]. Therefore, the 
energy efficiency improvement in buildings has a key role in 
meeting global climate goals and ensuring a sustainable built 
environment. 

Of all building components, windows can be regarded as a 
weak link since they allow considerable heat losses or gains, 
depending on the difference between the inside and outside 
temperature, and admit excessive solar irradiation. To rectify 
this situation, a broad range of heat insulating windows have 
been developed and are nowadays commercially available [6]. 
However, seasonal and diurnal variations of weather conditions 
require dynamic control of the building’s thermal load for 
optimum operation. To this end, smart windows, characterized 
by their ability to change their appearance in response to an 
external stimulus, have emerged. Their use may lead to reduced 
heating and cooling needs and, in some cases, to a reduced 
demand for lighting [6, 7]. EC windows belong to the class of 
smart windows, offering dynamic control of their appearance, 
upon application of a bias potential. The advantages of EC 
windows and their superior performance have been well 
documented [8–12]. Hence, one of the key components of an 
EC window is a thin film that can modulate its optical 
properties upon reduction or oxidation. Usually, tungsten oxide 
(WO3) is used as the EC film exhibits cathodic coloration, 
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meaning that its coloration takes place due to reduction. It can 
be deposited as a thin film via various methods, such as 
vacuum techniques (thermal evaporation, evaporation using an 
electron beam gun, and sputtering) and chemical techniques 
(sol–gel deposition, spin–coating, spray pyrolysis, and 
electrodeposition). Different deposition methods yield films 
with varying morphologies and coloration efficiencies [13]. In 
this study, two of the above techniques were used for the 
fabrication of transparent and uniform WO3 films: evaporation 
using an electron beam gun and electrodeposition. Optical and 
electrochemical characterization followed, showing an 
increased charge capacity in the case of evaporated films, due 
to differences in the film’s morphology. Then, as prepared 
WO3 films were used in ‘battery-like’ and in h-ECDs. A liquid 
electrolyte, based on a LiClO4 salt dissolved in an organic 
solvent, or an electrolyte containing also cobalt (Co2+) redox 
active species, was used, respectively. Accordingly, the effect 
of the different morphologies of the WO3 films on device 
performance, using the above two electrolytes, was examined, 
and a more intense effect was found in the case of the redox 
electrolyte. Finally, the current work constitutes one of the first 
efforts to use cobalt redox species in an EC device, as other 
redox couples have already been examined [14]. 

II. EXPERIMENTAL METHOD 

A. Evaporated Tungsten Oxide Films 

Thin films of WO₃ were deposited via e-beam gun 
evaporation on Fluorine doped Tin Oxide (FTO) glass 

substrates (15 Ω/sq) under high vacuum conditions (P ≈ 10−5 

mbar) and at room temperature using high-purity (99.99%) 
WO₃ powder. The film thickness was monitored continuously 
in situ during deposition using a calibrated quartz crystal sensor 
and was subsequently verified using an Ambios XP-1 
profilometer. 

B. Electrodeposited Tungsten Oxide Films 

To prepare the peroxytungstate solution, 6.5 g of tungsten 
powder (99.9% pure) was dissolved in 40 mL of 30% hydrogen 
peroxide and 4 mL of distilled water. The W powder was 
added to the H₂O₂ solution progressively under continuous 
agitation while the solution was inside a chilled water bath. The 
solution was then stored in a refrigerator at approximately 2 °C 
for 12 days to allow the W powder to fully dissolve and the 
excess H₂O₂ to decompose [13]. A portion of the stock solution 
was mixed with an equal volume of ethanol at room 
temperature while stirring continuously, yielding a bright 
yellow liquid [13], which was stored at 2 °C for 3–4 days to 
ensure optimal deposition results. Before each deposition, the 
solution was heated at 60 °C for a few min. WO₃ films were 
electrodeposited using the above solution by applying a 600 
mV voltage for 6 min, with current densities of about 1–2 
mA/cm² (deposition area: 2.0 × 2.0 cm²), using an Autolab 
PGSTAT 204 potentiostat/galvanostat. A typical three-
electrode configuration was used: a FTO glass sheet (15 Ω/sq) 
with dimensions of 2.0 cm² x 3.0 cm² as the working electrode; 
an Ag/AgCl as the reference electrode; and a Pt wire as the 
counter electrode. The films exhibited a deep blue color during 
preparation, which vanished almost immediately after removal 
from the solution. This color change has two aspects: the deep 

blue color confirms the reduction of tungsten during 
deposition, and the rapid fading upon voltage removal 
demonstrates the films' efficient and reversible redox cycling 
ability, which is a key quality indicator. The films were then 
rinsed with deionized water and dried with air. Finally, the 
substrates were heated at 100 °C for 1 h. 

C. Optical and Electrochemical Characterization of WO3 

Films 

Optical characterization was conducted, using a 
PerkinElmer Lambda 650 UV/Vis spectrometer. Specifically, 
transmittance T(λ) spectra in the visible spectrum were 
recorded at normal incidence. Then, the luminous transmittance 
Tlum was calculated: 
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where f(λ) is the sensitivity of the human eye in the photopic 
state. Cyclic voltammetry experiments were carried out using 
the above electrochemical setup to assess the electrochemical 
properties of the films. The electrolyte was 1 M LiClO₄ in 
Propylene Carbonate (PC), and the applied potential window 
was from −1.0 V to +0.8 V with a scan rate of 50 mV/s. Cyclic 
voltammetry is used, among other things, to calculate the total 
charge density of Li⁺ ions intercalated and deintercalated into 
the films. The charge density was calculated: 

� ��
 = � ���
 ��    (2) 

where Q (mC/cm2) and J (mA/cm2) are the charge density and 
the current density, respectively. 

D. Fabrication of EC Devices 

 Battery-like EC devices: The as-prepared WO₃ electrodes 
were used in battery-like EC devices with the structure, 
FTO/WO₃/1 M LiClO₄-PC/FTO. Two small holes were 
drilled in the second FTO glass substrate to serve as the 
cathode and facilitate pouring the electrolyte into the EC 
device. The two electrodes were arranged facing each other, 
slightly displaced to preserve space for the electrical 
contacts. The device was sealed using a 0.5 mm 
thermoplastic material (PV5414) at 120 °C for a few min 
under pressure, which also acted as a spacer. Three pieces 
of the thermoplastic material were used to ensure the 
desired spacing between the electrodes. The space between 
the electrodes was filled by pouring the liquid electrolyte 
through one hole while expelling the air through the other. 
Finally, the holes were sealed with small pieces of glass and 
thermoplastic material (Surlyn, 50 μm thick, from 
Greatcellsolar). 

 Hybrid EC devices: In this case, WO₃ electrodes were used 
in hybrid EC devices with the structure, FTO/WO₃/redox 
electrolyte/Pt/FTO. The platinized FTO glass substrate 
served as the cathode and was prepared by 
electrodeposition [14]. The devices were arranged as in the 
case of battery-like devices, but with different thermoplastic 
materials used to control the distance between the two 
electrodes. Finally, the space between the two electrodes 
was filled with a liquid redox electrolyte composed of 0.22 
M Co(II)PF6 (FK 102, supplied by Greatcell Solar), 0.5 M 
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LiClO4, and 0.5 M 4-TBP in an equivolumetric solution of 
acetonitrile and 3-methoxypropionitrile [15], as in the case 
of battery-like devices. 

E. Optical Characterization of EC Devices 

The devices were colored at a constant current of 0.2 mA 
(galvanostatically) for various time intervals. Thus, a certain 
amount of electric charge was gradually fed into the devices. 
Transmittance (T(λ)) spectra were recorded at normal incidence 
during different coloration stages, and CE was calculated at 
630 nm, which is a key performance metric for ECDs because 
it quantifies the degree of optical modulation achieved per unit 
of charge exchanged. CE is defined as the ratio of the change in 
optical density (ΔOD) to the intercalated charge density (Q), 
expressed in C/cm², where ΔOD is obtained from the 
logarithmic ratio of the transmittance in the bleached and 
colored states of the device: 

��� = ��� ��� !"#$!%�	
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where CE is expressed in units of cm2/C and is wavelength-
dependent, with its value varying according to the specific 
wavelength at which the measurement is performed. 

III. RESULTS AND DISCUSSION 

A. Tungsten Oxide Films 

Figure 1 shows the transmittance spectra of the WO₃ films 
prepared using the two methods and compared to a bare FTO 
glass substrate. In both cases, the WO₃ films are highly 
transparent in the visible spectrum without significantly 
affecting the transparency of the bare FTO glass substrate. 

 

 

Fig. 1.  Transmittance spectra of a bare FTO glass substrate and after 

depositing WO3 thin films by the two methods:evaporation, electrodeposition 

(inset: thickness profile of WO3 thin films). 

More specifically, the Tlum values were 77.1% and 80.7% 
for an evaporated and an electrodeposited film, respectively, 
compared to 83.2% for a bare FTO glass substrate. The slight 

difference in Tlum values between the WO₃ films is due to their 
different thicknesses; the typical thickness of evaporated WO₃ 
films is 550 nm, while that of electrodeposited films is 
approximately 350 nm. The surface roughness is comparable in 
both cases (approximately 30 nm), ruling out the presence of 
surface conglomerates for electrodeposited films [13]. The 
cyclic voltammograms of WO₃ films are presented in Figure 2, 
and their shape is typical of amorphous films [16–18]. A 
significant difference in the areas of the two voltammograms 
was observed, which is proportional to the total charge density 
of Li⁺ ions intercalated and deintercalated into the films, or 
equally/equal to the films' charge storage capacity [19]. 
Consequently, the total charge density was 43.75 mC/cm² and 
24.87 mC/cm² for the evaporated and electrodeposited WO₃ 
films, respectively. Similarly, the coloration current at the most 
negative value on the CV plot is nearly one and a half times 
higher for the evaporated film than for the electrodeposited 
film. 

 

 

Fig. 2.  Typical cyclic voltammograms of as-prepared WO3 thin films, 

deposited by the two methods: evaporation, electrodeposition. 

Two further characteristic points in the case of 
electrodeposited WO₃ films, compared to evaporated films, are 
complete bleaching at a lower bias potential, showing that de-
intercalation of Li⁺ ions is easier, and a minor negative shift of 
the voltage value where coloration begins. The above results 
can be explained by different film morphologies, including film 
thickness and porosity [20–22]. As film thickness increases, 
more colored sites exist, expecting to see increased values in 
the overall voltammogram area, as well as increased charge 
capacity. Complete bleaching at a higher bias potential is also 
expected to be seen. On the other hand, a film with a more 
open structure could increase the mobility of Li⁺ ions. To 
evaluate stability, 100 consecutive coloration-bleaching cycles 
were performed, as depicted in Figure 3. No significant 
changes were observed in the case of an evaporated WO₃ film 
apart from the progressive reduction of the positive bias 
potential for complete bleaching of the film, especially during 
the first 50 cycles (from nearly 700 mV to less than 550 mV). 
Improved wetting of the films by the electrolyte during cycling 
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offers more entry and exit points for Li⁺, thus simplifying the 
extraction of Li⁺ ions. However, the above training 
phenomenon was not observed in the case of an 
electrodeposited WO₃ film due to its more open structure, 
which permits complete wetting by the electrolyte. Overall, the 
films presented in this study are stable and insensitive to 
continuous cycling. 

 

(a) 

 

(b) 

 

Fig. 3.  Representative CV curves of WO3 thin films deposited by the two 

methods: (a) evaporation and (b) electrodeposition for the 5th, 50th, and 100th 

cycles. 

B. ‘Battery-Like’ Electrochromic Devices 

As-prepared evaporated and electrodeposited WO₃ films 
were used to fabricate battery-like ECDs. Figures 4 (a) and 4 
(b) display the transmittance spectra of an ECD with an 
evaporated WO₃ film and an ECD with an electrodeposited 
film at various coloration stages, respectively. Both devices are 
highly transparent in the visible part of the spectrum when 
bleached, and they exhibit rapid coloration during the initial 
stages, especially in the near-infrared part of the spectrum. 
However, the device with the evaporated WO₃ film exhibited 
improved coloration depth compared with the electrodeposited 
film, due to its higher thickness, which resulted in a greater 
number of coloration sites. The improved coloration depth, as 
shown by the calculated Tlum values in both cases, was achieved 
despite nearly the same charge density being fed into the 

devices. Therefore, a higher CE is expected for the evaporated 
films. A higher CE value indicates that significant optical 
contrast can be achieved with minimal charge consumption, a 
feature directly linked to a faster switching response.  

 

(a) 

 

(b) 

 

Fig. 4.  Transmittance spectra of ‘battery-like’ ECDs having: (a) an 

evaporated WO3 thin film and (b) an electrodeposited WO3 thin film, at 

different steps of inserted charge. 

Figure 5 illustrates the variation of optical density with 
respect to charge density. Evaporated films exhibited a greater 
change in optical density for the same amount of intercalated 
charge compared to electrodeposited films. Consequently, the 
CE was 52 cm²/C for evaporated WO₃ films and 42.6 cm²/C for 
electrodeposited films at 630 nm. Another critical parameter is 
the ability of the devices to retain their color state without a 
continuous bias potential. This is an open-circuit memory, 
where the devices were colored by applying a constant bias 
potential of -3 V for 3 min, after which they were left in open-
circuit conditions. Figure 6 presents the transparency at 600 nm 
and the potential difference across the terminals. After 5 min at 
open circuit conditions, no significant changes in the 
transparency of the devices were observed. However, a notable 
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decrease in potential across the terminals of the devices was 
evidenced. Specifically, after 5 min at open-circuit conditions, 
the potential decreased from 3 V to 1.7 V and 1.5 V for the 
evaporated and electrodeposited WO₃ films, respectively. 

 

 

Fig. 5.  Variation in the optical density (ΔOD) in respect with the charge 

density at 630 nm for ‘battery-like’ (LiClO4) and hybrid (Co+2/Co+3)  ECDs, 

having both evaporated and electrodeposited WO3 thin films. 

 

Fig. 6.  Variation in the transmittance and in the potential difference across 

the terminals of ‘battery-like’ ECDs, having both evaporated and 

electrodeposited WO3 thin films, during coloration and at open circuit 

conditions. 

Although self-bleaching did not occur, significant self-
discharging showed that the devices cannot be considered EC 
batteries. However, they can be used as smart windows due to 
their intense optical modulation, especially in the infrared 
spectrum. In other words, the devices can retain their optical 
state but not the potential difference across their terminals. 

C. Hybrid Electrochromic Devices 

Hybrid EC devices also used evaporated and 
electrodeposited WO₃ films as-prepared. In this case, a cobalt-
based redox electrolyte was utilized. Due to the electrolyte's 

absorption in the visible part of the spectrum [15], the distance 
between the two electrodes had to be optimized to ensure high 
transparency. Initially, one piece of a 500-μm-thick 
thermoplastic material (PV5414) was used. As shown in Figure 
7, intense absorption was observed for wavelengths up to 550 
nm, rendering the device unsuitable for use as a smart window. 
To reduce the distance between the two electrodes, three 150-
μm-thick pieces of Surlyn, another thermoplastic material, 
were used. As a result, absorption in the visible spectrum 
decreased, and the devices still had a pale yellowish tint, 
showing that further efforts to optimize the distance or the 
optical properties of the electrolyte are needed. 

 

 

Fig. 7.  Initial transmittance spectra of a hybrid ECD having different 

distance between the electrodes. 

Figures 8 (a) and 8 (b) present the transmittance spectra of 
hybrid EC devices with various cumulative intercalated charge 
densities. One uses an evaporated WO₃ film, and the other uses 
an electrodeposited film. From the initial stages of coloration, 
intense coloration is evident only in the case of the evaporated 
film. Consequently, the Tlum value varied from 66.5% to 21% 
for the evaporated film and from 66.6% to 40% for the 
electrodeposited film, despite the use of a lower charge density. 
As expected, the CE decreased from nearly 35 to 16 cm²/C at 
630 nm due to the greater change in optical density for the 
same amount of intercalated charge in the evaporated WO₃ 
films. However, the optical modulation in the visible spectrum 
was inferior to that of battery-like devices, even with a higher 
current applied (0.4 mA). Due to direct contact with the EC 
layer, a loss current appears when the redox species are present, 
which negatively affects the color depth and open-circuit 
memory of h-ECDs. Authors in [23-28] propose various 
methods to address this self-bleaching mechanism. Moreover, 
significant optical losses occur due to self-bleaching at open 
circuit conditions for both devices. Consequently, the 
transmittance of the devices at 600 nm increased from 20% to 
31% and from 25% to 42% for the evaporated and 
electrodeposited WO₃ films, respectively, after only 3 min at 
open-circuit conditions, as portrayed in Figure 9. 
Electrodeposited films with a more open structure have a 
greater interface area with the electrolyte. This promotes the 
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reduction of cobalt species, and thus self-bleaching. Coloration 
occurred when applying a bias potential of 1.5 V for 2 min 
instead of 3 V for 3 min, as in the case of battery-like ECDs. 
Therefore, hybrid devices can exhibit a lower operating 
voltage. 

 

(a) 

 

(b) 

 

Fig. 8.  Transmittance spectra of h-ECDs having: (a) an evaporated WO3 

thin film and (b) an electrodeposited WO3 thin film, at different steps of 

inserted charge. 

Finally, complete bleaching of the devices can occur at 
short-circuit conditions, as shown in Figure 10, without 
reversing the polarity of the bias potential. This means that no 
energy is consumed during bleaching, unlike battery-like 
ECDs, which improves their energy-saving potential further. 
Currently, there are no large-scale applications of h-ECDs; 
therefore, the effect of device area on switching time is still 
unknown. In contrast, the response time of battery-like devices 
is slower as the device area increases. 

IV. CONCLUSIONS 

In this study, high-quality WO₃ thin films were deposited 
on Fluorine doped Tin Oxide (FTO) glass surfaces through 

evaporation and electrodeposition. The films exhibited similar 
luminous transmittance values (78-80%). The evaporated WO₃ 
films exhibited an improved charge capacity of 43.75 mC/cm², 
due to their higher film thickness compared to the 
electrodeposited films (24.87 mC/cm²). 

 

 

Fig. 9.  Variation in the transmittance of h-ECDs, having both evaporated 

and electrodeposited WO3 thin films, during coloration and at open circuit 

conditions. 

 

Fig. 10.  Variation in the transmittance of h-ECDs, having both evaporated 

and electrodeposited WO3 thin films, during coloration and at open circuit 

conditions. 

A training period was necessary to create more entry/exit 
points for Li⁺ during continuous coloration-bleaching cycles. 
On the other hand, the electrodeposited films exhibited 
improved stability up to 100 consecutive cycles and complete 
bleaching at a lower bias potential. This was attributed to the 
films' different thicknesses and open structures. Then, the WO₃ 
films, both evaporated and electrodeposited, were used as the 
Electrochromic (EC) layer in battery-like and hybrid 
Electrochromic Devices (h-ECDs). The contrast ratio and 
Coloration Efficiency (CE) of battery-like devices with an 
evaporated WO₃ film were 15:1 and 52 cm²/C, respectively, 
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compared to 4:1 and 42.6 cm²/C for a similar device with an 
electrodeposited WO₃ film. These results are consistent with 
the improved charge capacity of the evaporated films. 
Additionally, the open circuit memory of the devices was 
excellent, exhibiting minimal optical loss after 5 min under 
open circuit conditions, regardless of the film preparation 
method. However, self-discharging was observed, wherein the 
potential difference across the terminals of the devices 
decreased. Self-discharging is rarely reported in the literature 
and requires further examination to fully exploit the advantages 
of ECDs as smart windows for dynamically controlling solar 
light entering buildings and as EC batteries and 
supercapacitors. In the last two cases especially, minimizing 
electrical losses is crucial and could be a key area for future 
mechanistic investigation in the field of EC charge-storing 
devices. Finally, h-ECDs with a cobalt-based redox electrolyte 
exhibited an initial yellowish tint, even when the distance 
between the two electrodes was reduced from 500 μm to 150 
μm. Due to self-bleaching, the contrast ratio and CE of hybrid 
devices with an evaporated WO₃ film were 3:1 and 34.6 cm²/C, 
respectively, compared to 1.7:1 and 16.4 cm²/C for a similar 
device with an electrodeposited WO₃ film. Direct comparison 
of the two device types revealed that battery-like devices 
outperformed h-ECDs, contrary to what is usually reported in 
the literature. This highlights the need to optimize the 
properties of the cobalt redox electrolyte. Nevertheless, lower 
operating voltages and bleaching under short-circuit conditions 
explain why h-ECDs with a cobalt-based redox electrolyte are 
worth developing. Self-bleaching was more intense for 
electrodeposited films due to their open structure, which 
creates a larger interfacial area between WO₃ and the 
electrolyte, leading to considerable optical losses. The present 
study confirms that the morphology of the EC layer depends on 
the deposition method. Consecutive cycling creates more 
ion/electron pathways in evaporated films, improving the 
optical and charge storage properties of ECDs. In 
electrodeposited films, a more open structure creates a high 
reaction surface area, decreasing coloration time and enhancing 
self-bleaching in h-ECDs. 
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