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Abstract — The increase in global temperature has
led to a significant surge in energy consumption within
the air conditioning industry, resulting in environmental
deterioration. Electrochromic (EC) windows have
emerged as a promising solution to address these
challenges. Vanadium pentoxide (V20s) stands out
among all metal oxide materials due to its remarkable
EC properties, including substantial Li* ion insertion
capacity and multicolor capabilities. Despite the
potential of V20s, there remains a lack of comprehensive
research on the structural and optical properties of V20s
films with varying thicknesses. Therefore, this study
aims to investigate the structural and optical properties
of V205 thin films with thicknesses ranging from 46 to
344 nm. By employing the sol-gel spin coating method,
V205 thin films were fabricated and analyzed using X-
ray diffraction (XRD) spectroscopy and ultraviolet-
visible (UV-Vis) spectrophotometry. The fabricated
V20s thin films with thicknesses of 46-274 nm
demonstrated an average film transparency of 83%.
XRD analysis further revealed that the V205 thin films
reached their peak crystallinity at a thickness of 344 nm.
Moreover, CV analysis revealed that the V20s device,
with a thickness of 274 nm, exhibited a cathodic peak
current of -1.63 mA, indicating its excellent ability to
facilitate Li* ion diffusion. Additionally, CA
measurements displayed a high optical modulation of
37.78%. Ultimately, this research contributes to the
development of energy-efficient solutions for sustainable
environmental practices.

Keywords—Electrochromic, Sol-gel, V20s, Thin film,
Multicolor.
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l. INTRODUCTION

The Earth's climate is experiencing rapid and
unprecedented changes, primarily due to human
activities such as fossil fuel combustion, deforestation,
inadequate treatment of wastewater, and industrial
processes [1]. These actions have led to the rise in
global temperatures and caused a significant surge in
energy consumption in the air conditioning industry,
hence resulting in energy depletion and environmental
deterioration [2]. In Malaysia, buildings utilize 48% of
the nation's electricity supply. Among these,
commercial buildings consume approximately 38645
gigawatt-hours (GWh), while residential buildings
account for 24709 GWh [3]. Therefore, energy-
efficient technologies such as electrochromic (EC)
windows have emerged as crucial solutions to mitigate
the adverse effects of climate change. As compared to
conventional windows, EC windows allow users to
adjust transparency according to their preference by
using low voltage [4], thereby regulating indoor
conditions and reducing energy consumption [4].
Given the numerous benefits of EC windows, they can
be implemented in construction [5] and automotive
industries [6].

In 1953, Thaddeus Kraus introduced the concept
of reversible color-bleach characteristics of WOs,
laying the groundwork for future visual display
devices [7]. However, Deb's seminal paper, published
in 1973, outlining the coloration process of WO, is
widely recognized as the true origin of EC technology
[8]. Since then, extensive research efforts have been
dedicated to EC technology, resulting in significant
breakthroughs over a few decades. Researchers have
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explored various metal oxide materials, such as
iridium dioxide (IrO;) [9], tungsten trioxide (WOs)
[10], vanadium oxide (V20s) [11], titanium dioxide
(TiO2) [12], and nickel oxide (NiO) [13] to investigate
the EC characteristics. Among these metal oxide
materials, V20s emerges as a promising candidate, not
only for energy-saving applications but also for its
versatility in multi-color displays.

To further elaborate, vanadium oxide (Vox)
comprises multiple oxidation states (V?* to V%),
resulting in the formation of inorganic compounds
such as vanadium monoxide (VO), vanadium dioxide
(VOy), vanadium sesquioxide (V203), and vanadium
pentoxide (V20s) [14]. Among these oxidation states,
V205 stands out as the most stable phase [14]. The
fundamental unit of the V,Os structure consists of the
distorted VOg octahedron, which comprises six
oxygen atoms arranged around a central vanadium
atom [15]. These VOs octahedra form a continuous
layer by sharing edges and corners, thereby
establishing bonds between adjacent layers [15].
Thus, this structural layer endows V.05 with
substantial lithium (Li*) ion insertion capacity, making
it exceptionally suitable for EC applications.
Moreover, V205 is unique among metal oxides in its
ability to display both anodic and cathodic coloration
electrochromism, which contributes to its multicolor
capabilities. In terms of V05 thin films fabrication,
various techniques such as spray pyrolysis deposition
[16], sol-gel spin coating [17], hydrothermal synthesis
[18], and chemical vapor deposition [19] have been
employed by previous researchers. The sol-gel process
is noteworthy among these methods due to its low cost
and simplicity [20].

The EC performance of metal oxide thin films is
greatly dependable on both the fabrication process and
film thickness. For instance, Park et al. reported that
V205 thin films with a thickness of 500 nm, fabricated
using the radio frequency (RF) sputtering method,
exhibited excellent discharge capacity and cyclic
stability [21]. Additionally, Atak et al. mentioned that
NiO film, 480 nm in thickness and fabricated using the
RF magnetron sputtering technique, exhibited high
coloration efficiency and optical contrast [22]. These
examples show that the effect of thin film thickness is
worth studying. To date, there has been a lack of
comprehensive research on the structural and optical
properties of V20s films with varying thicknesses
fabricated using the sol-gel spin coating technique.
Additionally, numerous studies examining the EC
properties of V>0s had primarily concentrated on the
thin film level, neglecting the importance of
transforming them into device forms suitable for
practical applications.

Therefore, in this study, V2Os thin films with
varying thicknesses were fabricated on ITO glass
substrates using the sol-gel spin coating method to
investigate their structural and optical properties. The
film thicknesses for various layers were measured at
46, 122, 274, 309, and 344 nm, respectively.
Furthermore, to verify the functionality of the V.05
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thin film, a randomly selected sample was transformed
into a device to analyze its EC characteristics.

The V,0s thin film examined in this study shows
potential across various areas. Firstly, it serves as a
counter electrode in complementary EC devices,
enhancing coloration efficiency and optical
modulation through its ion storage capability [23].
Additionally, V,0s thin films are utilized as an EC
material for energy-efficient smart windows due to
their low operating voltage and high transparency
[24]. Moreover, V,Os thin films are utilize for
aesthetic purposes, such as multicolor displays and
colorful window designs [25]. Recent research has
even integrated V,Os thin films into energy storage
devices [15], allowing users to visually monitor stored
energy levels by observing color changes, which
offers insights into energy usage patterns.

Il. Methodology

The chemicals employed in this study were of
analytical grade. The ingredients used in the V20Os sol-
gel fabrication process include vanadium (1V) powder
(V205) as the precursor and hydrogen peroxide (H202)
as an oxidizing agent, both procured from Sigma-
Aldrich, Rockville, MD, USA.

The V205 sol-gel process is illustrated in Fig. 1.
Initiating the V205 sol-gel process, V20s powder was
added into a conical flask containing 15% H,0.. The
mixture was promptly heated to 70°C and stirred
vigorously to yield a dark orange solution. Following
an exothermic reaction, the orange solution was
consistently heated at 70°C and stirred continuously,
resulting in the formation of a viscous dark red
solution. The resulting V205 sol-gel was kept in a glass
vial and was aged for 24 h. Before the deposition of
V,0s sol-gel, ITO glass substrates were ultrasonically
cleaned in isopropanol and acetone for 15 mins each.

i N Nl

Fig. 1. Fabrication process of V,0ssol-gel.

The spin coating method was employed to deposit
V,0s5 sol-gel onto the ITO glass substrates, with a
rotation speed of 3000 rpm. The process was repeated
to achieve multiple layers with thicknesses of 46 to
344 nm. Following this, the thin films were annealed
at 200 °C. Moving on, the assembly of the V,0s EC
device follows this order: ITO/ V205 thin film/LiClOs-
PC gel electrolyte/ITO, as shown in Fig. 2. The device
was then sealed using UV resin to prevent leakage of
the gel electrolyte. Further details on the recipe for the
EC device could be found in our prior research [20].
The structural and optical characteristics of V,Os thin
films were analyzed through X-ray diffraction (XRD)
spectroscopy and ultraviolet-visible  (UV-Vis)
spectrophotometry, respectively. Meanwhile, the EC
properties were examined using cyclic voltammetry
(CV) and chronoamperometry (CA).
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V205 |/
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Fig. 2. V05 electrochromic device.
"l Results

A. Optical Properties

Figure 3(a) depicts the average film transmittance
of V20s thin films with different thicknesses over the
visible wavelength range (300 to 900 nm). The results
indicated that the thin film with thicknesses of 46, 122,
and 274 nm demonstrated high transparency levels,
averaging around 83%. In contrast, thin films with
thicknesses of 309 and 344 nm exhibited average film
transmittance of 75% and 70%, respectively. The
reduction in transparency with increasing film
thickness was attributed to the increasing surface light
scattering and hence reduced the amount of light
passing through the film [26]. Moreover, with
increasing thickness, there was a red shift in the
absorption edge which was consistent with those
reported in the literature [27, 28].
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Fig. 3. (a) Film transmittance (b) Optical bandgap of V,0s thin films
with various thicknesses.

Interestingly, Liang et al. suggested that this red
shift was due to a reduction in the optical band gap at
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thicker films [28]. Consequently, lower-energy
photons are absorbed, causing the light to shift towards
longer wavelengths [28]. To validate the concept, the
optical bandgap of the V,Os thin films was calculated
using their absorbance. In Fig. 3(b), the results
revealed a decreasing bandgap from 2.75 eV at 122 nm
to 2.45 eV at 344 nm. Moreover, the oscillation pattern
depicted in Fig. 3(a), known as the interference fringe,
is a result of the incident light bouncing back and forth
between the glass substrates, air, and thin films [27].

B. Structural Properties

Figure 4 depicts the crystalline nature of the V,0s
thin films across various thicknesses as determined by
XRD analysis. The detected peaks corresponded to the
Miller indices (1 0 1), (1 1 0), and (0 0 2) confirming
the presence of orthorhombic V,0s peaks (ICDD no.
01-089-0612).

The observation revealed that V,0s thin films with
thicknesses of 122 nm and below exhibited no visible
peaks, indicating an amorphous nature. At a thickness
of 274 nm, slight crystallinity was evidenced by small
peaks appearing at 22° and 26°. Beyond 274 nm, the
peak corresponding to (1 0 1) became intense and
narrow, whereas the intensity of the peak
corresponding to (1 1 0) remained low and broad. The
predominance of the peak corresponding to (1 0 1)
implies that the crystallization orientation of V,0s
mainly grew along the (1 0 1) axis. Additionally, the
observation suggested that thin films with greater
thickness exhibited higher crystallinity. Giraldi et al.
reported that as the thickness of the thin film
increased, the crystallinity increased owing to the
growth in crystallite size [29]. Similarly, Kwong et al.
revealed that the improved crystallinity was due to the
relief of stress at the interface between the substrate
and the thin film [30]. Interestingly, at a thickness of
344 nm, a new orthorhombic V.05 peak,
corresponding to the Miller indices (0 0 2) at 43° was
observed.
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Fig. 4. XRD measurement of V,Os thin films with various
thicknesses.

C. Electrochromic Properties

Cyclic voltammetry (CV) measurement was
conducted on a V205 device with a thickness of 274
nm, aiming to explore its redox process for practical
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applications. Additionally, chronoamperometry (CA)
was employed to further investigate the optical
modulation of the V,0s devices. Fig. 5(a) depicts the
CV curve (initial cycle), wherein the potential was
swept from -2 to 2 V at a scan rate of 0.1 V/s. Similar
voltage settings had been applied for CA
measurement. The CV result revealed that the V.05
device exhibited a notable cathodic peak current of -
1.63 mA in its first cycle, indicating its exceptional
ability to facilitate Li* ion diffusion. Additionally, the
excellent EC performance of the V.Os device was
further confirmed by the CA measurements. Before
ion insertion, the V20s device exhibited an original
transmittance of 67.58%. However, during ion
insertion, its transmittance reduced to 29.8%,
indicating a significant optical modulation of 37.78%,
as depicted in Fig. 5(b).
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Fig. 5. (a) CV measurements and (b) optical modulation of V,Osthin
films with a thickness of 274 nm.

Besides, the observation revealed that the CV
curve exhibited two cathodic (at 1.5 V and -2 V) and
anodic peaks (at 1.7 V and 2 V), indicating a two-step
EC process. This observation was consistent with
those previously reported in the literature [24, 31].
During the reduction process, the V5 ions were
initially reduced to a mixture of V°* and V**, causing
the V05 device to transition from its original orange
color to a greenish-yellow color. Subsequently, as the
V5 ions were completely reduced to V#*, the V205
device changed to a deep blue color. Conversely,
during the oxidation process, the thin film transitioned
back from blue to greenish-yellow and finally regained
its original orange color as the V#*ion lost electrons.
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To note, the CV and CA measurements in this study
were performed for only one cycle to demonstrate the
functionality of the V.Os device. Further investigation
into stability testing will be conducted in future
studies.

IV.  CONCLUSION

This research successfully fabricated V2Os thin
films of different thicknesses (46 to 344 nm) using sol-
gel spin coating methods. V.0s thin films with
thicknesses of 46, 122, and 274 nm exhibited a high
average film transparency of 83%. Besides, XRD
examination indicated that thicker films showed
higher levels of crystallinity. Additionally, CV
analysis demonstrated that the V.Os device with a
thickness of 274 nm displayed a cathodic peak current
of -1.63 mA, highlighting its excellent capability to
facilitate Li* ion diffusion. Meanwhile, CA
measurement indicated a substantial optical
modulation of 37.78%. These findings underscored
the importance of varying thickness in influencing the
structural and optical properties of V20s thin films,
thus indicating their potential applications in diverse
fields such as smart windows and aesthetic electronic
devices.
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