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In recent decades, poorly insulated windows have increased the energy consumption of heating and
cooling systems, thus contributing to excessive carbon dioxide emissions and other related pollution
issues. From this perspective, the electrochromic (EC) windows could be a tangible solution as the
indoor conditions are highly controllable by these smart devices even at a low applied voltage.
Literally, vanadium pentoxide (V,0,) is a renowned candidate for the EC application due to its
multicolor appearance and substantial lithium insertion capacity. Despite the growing interest in
V,0; thin films, only limited literature study is available for V,0, films specifically the annealing
effects of these films at lower temperatures (< 300 °C). It is noteworthy that a low temperature is
advantageous for glass-based EC devices, as it prevents deformation, cracking, and structural damage
to the transparent conductive glass. In this study, V,O, thin films were fabricated using the sol-gel
spin coating technique prior to annealing over the temperature range of 100-300 °C. Subsequently,
V,0, thin films were assembled into a device form to analyze their EC characteristics. The V,O,
device, featuring thin film annealed at 200 °C, demonstrated excellent EC performance with high
optical contrast of 42.32%, high coloration efficiency (CE) of 34.93 cm?/C, as well as rapid coloring and
bleaching times of 0.4 s and 3 s, respectively. These results shed light on the importance of annealing
temperature control towards the EC performance of V,O, devices for future applications.
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Over the past few decades, the world has experienced unprecedented challenges related to the depletion of
energy and other environmental issues. The preponderance of evidence!? also indicated that global warming
is mainly due to human activities, particularly the emissions of heat-trapping greenhouse gases. As such, the
electrochromic (EC) windows could be an alternative due to their capability to regulate the ambient conditions
within indoor spaces by utilizing a low voltage. In other words, this serves to reduce the energy consumption
of heating and cooling systems and to prevent the excessive emission of carbon dioxide®. Moreover, EC smart
windows offer multiple advantages over traditional windows for residential and commercial building premises,
including improved comfort as well as enhanced visual and thermal satisfaction for occupants. Additionally,
these windows are also widely adopted in both the automotive and construction industries*”.
Electrochromism, the phenomenon where materials change color in response to an electrical stimulus, finds
its roots in the discovery of Prussian blue (also known as hexacyanoferrate) in 1704 by Diesbach®. The color
change of this compound from transparent to blue was due to the oxidized iron. On the other hand, the first
demonstration of electrochromic coloration using WO, thin films was shown in 19697 and this was followed
by tremendous research in EC technology, wherein significant breakthroughs and technological advancements
were discovered over time. Literally, EC devices consist of metal oxide thin films and electrolytes sandwiched
between two transparent conductive electrodes®. Tungsten trioxide (WO3)9, vanadium oxide (VOx)', titanium
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dioxide (TiO,)", nickel oxide (NiO)'2, and iridium oxide (IrO,)"* are some of the notable metal oxides utilized
in the EC device applications. Among these EC materials, WO has been widely recognized for its superior
coloration efficiency and excellent cyclic stability'*. Nevertheless, the application of WO, has been hindered by
its ability to display only monotonous color (dark blue) during coloration'®. This monochromatlc feature not
only restricts its functionality in the EC windows but also limits its practical application in display technologies
due to the full-color requirement of modern electronic devices for graphics, text, and video. Additionally, this
limitation could potentially reduce its marketability, as consumers tend to favor devices with multicolor options.

These days, vanadium oxide (Vox) is a promising candidate for the development of multicolor EC devices
owing to its substantial lithium insertion capacity and varying oxidation states (V** to V>*)!6. V_O_ has been in the
most stable form due to its fully oxidized phase (+ 5) and stable electron configuration!”:8 To further elaborate,
V,0, is structured around distorted VO, octahedra, wherein each vanadium cation is centrally coordinated by
six oxygen anions. These octahedra share edges and corners, thereby forming a continuous network within the
layers. Furthermore, the adjacent layers are bound by van der Waals forces, which results in the formation of a
three-dimensional framework'®. The versatility and distinctive chemical properties of V,0, play a crucial role
in various applications. For 1nstance, V, 0, films functlon as hole transport layers in solar cells?! , find utility in
conductometric gas sensors2), act as humldlty sensors22, and serve as a gate dielectric in MOSFETs%. Meanwhile,
V,0Oq thin films with multicolor features can be integrated into energy storage devices whose energy status is
indicated through optical contrast®*. These films are also used in color-switchable EC windows with enhanced
functionality and aesthetics. Notably, V,0, exhibits both cathodic and anodic coloration electrochromism,
thus allowing it to function effectively either as a color-changing layer or an ion storage layer within an EC
device!®2?, Previous researchers have utilized a range of methods such as sol-gel spin coating®, spray pyrolysis
deposition”, hydrothermal synthesis®®, and chemical vapor deposition® for the deposition of V,O; thin films.
Among these methods, the sol-gel process is notable for its simplicity, uniform coating, submicron thickness,
and cost-effectiveness for the deposition of a variety of EC films!%30:31,

The varying factors such as fabrication technique, deposition method, and annealing conditions can affect
the chemical stoichiometry, phase purity, and crystallinity of the prepared V,O, films. For instance, the V,0,
thin films synthesized via spray pyrolysis and annealed over a temperature range of 300-500 °C were found
to be a mixture of orthorhombic a-V,O. phases, along with minor quantities of -V,0, and tetragonal V,0
phases?’. In a related work, the effect of annealing on the structural properties of V O thin films by dlrect
current (DC) magnetron sputtering was studied. Prior to annealing, the XRD analys1s showed 1o discernible
peaks, confirming the amorphous nature of these thin films. On the contrary, a prominent peak emerged along
the V,0, (010) direction after annealing at 480 °C, demonstrating improved film crystallinity. These studies also
suggested that low annealing temperature is noteworthy for further research specifically a lower temperature
range is beneficial for glass-based EC devices, as it prevents deformation, cracking, thermal stress, and structural
damage to the transparent conductive glass**>*. In addition, the development of flexible EC devices requires a
low annealing temperature to avoid damage to their plastic substrates®.

Hence, in this study, V,O, thin films were deposited using the sol-gel spin coating technique, followed by
annealing at temperatures ranging from 100 to 300 °C. Subsequently, V,O, thin films were assembled into a
device form, and their optical, structural, and EC characteristics were analyzed. This study highlighted the
potential of V,0, devices for future electronic applications 1nclud1ng the creation of multicolor windows for
lifestyle and the development of versatile multicolor displays®.

Materials and methods

All chemicals utilized in the present work were of analytical grade and were purchased from Sigma-Aldrich,
Rockville, MD, USA. Additionally, indium tin oxide (ITO) glass substrates with a sheet resistance of 15 Q/sq
were purchased from Han Xin Industry Co., Ltd., Shanghai, China. The main ingredients used in the V,0, sol-
gel synthesis included V,0, powder, hydrogen peroxide (H,0,), and distilled water.

The V, 0O, sol-gel process was initiated by dissolved V,0. powder with H,O, solution (15%) in a conical flask.
The mixture was then heated to 70 °C and stirred vigorously, resulting in a yellow-orange solution. After several
minutes, the solution underwent an exothermic reaction, transforming into a viscous dark red solution. Before
the deposition of V,0, sol-gel, the ITO glass substrates were subjected to a thorough cleaning process involving
ultrasonic baths with soap, ethanol, acetone, and distilled water.

The V, 0, sol-gel was deposited onto the ITO glass substrates using the spin coating technique, with a rotation
speed of 1500 rpm for 30 s. Following this, the fresh V, 0, layer was dried on a hot plate for 3 min to remove extra
solvent and prevent potential surface scratches. These steps were repeated multiple times to achieve the desired
thickness. Subsequently, the samples, each with an active area of 2.4 cm?, were annealed at temperatures ranging
from 100 to 300 °C for 1 h. Lastly, V,O, devices were assembled in the following order: ITO/V,O thin film/
Li* gel electrolyte/ITO and were sealed using UV resin [see Fig. 1]. Notably, the Li* gel electrolyte was prepared
using lithium perchlorate (LiCIO,), polycarbonate (PC) and polymethyl methacrylate (PMMA) as the primary
ingredients, as adapted from our previous work®. The addition of PMMA to the electrolyte helps to modulate
its viscosity, ensuring ease of handling during device assembly and preventing electrolyte leakage. Moreover,
PMMA offers excellent light transmission and high ionic conductivity when combined with synthetic Li* salts,
thus contributing to the overall stability of EC devices®®

The physical properties of the V,0, thin films were characterized using an X-ray diffractometer (XRD,
Shimadzu) with Cu Ka radiation ()\— 1. 5406 A) over the 20 range of 10 to 70°. Besides, field emission scanning
electron microscopy (FESEM, Nova NanoSEM 450) was employed to study both the surface morphology and
cross-sectional region of the prepared films. Similarly, atomic force microscopy (AFM, Nanosurf Easyscan 2)
was utilized to measure the surface roughness and topographical features of the thin films. Meanwhile, energy-
dispersive X-ray (EDX, Oxford Instruments) spectroscopy was used for the elemental analysis. Furthermore, the
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Fig. 1. V,0, device structure.
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Fig. 2. (a) Thickness variations across different positions and (b) average thickness of V0O thin films at
different annealing temperatures.

optical transmittances of the V,0, devices were studied using an ultraviolet-visible (UV-Vis, Avantes AvaSpec-
2048L) spectrophotometer. Lastly, chronoamperometry (CA) and cyclic voltammetry (CV) analyses (Autolab
PGSTAT204) were utilized for the investigation of the EC characteristics. A two-electrode electrochemical
setup was employed with V,0, thin film as the working and reference electrode, and ITO served as the counter
electrode.

Results and discussion
Structural properties of V, O thin films
Figure 2a illustrates the thickness variation of the V,O, thin films across different positions, while Fig. 2b presents
the average thickness of thin films annealed at temperatures between 100 and 300 °C, as determined by FESEM
measurements. The as-deposited V,0, films demonstrated a maximum average thickness of 513 nm but were
found to decrease significantly after the annealing process. Specifically, V,O, thin films annealed at 100, 150,
200, 250, and 300 °C exhibited a gradual decrease in their average thickness with the respective values of 332,
320, 284, 280, and 273 nm. Notably, increasing the annealing temperature could enhance the molecular activity
within these thin films, wherein their bonding with the substrate was weakened due to the thermal disruption®.
Consequently, these films displayed greater compactness and reduced overall thickness®.

Figure 3 illustrates the XRD patterns of V,0, thin films subjected to different annealing temperatures. In
general, higher annealing temperatures improved the crystallinity of the V,O; thin films, as evidenced by the
XRD analysis.
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Fig. 3. XRD patterns of V,O; thin films at different annealing temperatures.

The as-deposited thin film displayed two small peaks at angles of 22° and 37°, corresponding to the Miller
indices (101) and (401) respectively. These peaks indicated the presence of orthorhombic structured V,0, with
space group Pmmn (ICDD no. 01-089-0612), suggesting that the thin film was of low crystallinity prior to
annealing. Meanwhile, VZO5 thin films annealed at temperatures of 100, 150, and 200 °C demonstrated similar
XRD planes to those of the as-deposited film. The results indicated that these films were of poor crystallinity due to
the low annealing temperatures. Interestingly, at an annealing temperature of 200 °C, a V,O peak corresponding
to the (001) lattice plane was discernible at an angle of 20°, thus suggesting the onset of polycrystalline growth.
As the temperature was increased to 250 °C and above, the more pronounced (001) plane served to signify the
enhanced crystallinity and improved structural order within these thin films. Kabir et al. suggested that a higher
annealing temperature could reduce lattice defects and induce modified atomic arrangement within the thin
film, ultimately improving its crystalline quality*’. Furthermore, temperatures above 200 °C exhibited a stronger
presence of (001) peaks, indicating their increased dominance at higher temperatures.

Figure 4 depicts FESEM images of V,0, thin films annealed at various temperatures. The results revealed
that all these thin films displayed uneven surfaces, suggesting a lack of uniformity and smoothness. Meanwhile,
the as-deposited V,0O thin film, as well as thin films annealed at 100 °C and 150 °C, exhibited tightly packed
worm-like nanoparticles, with clear boundaries between individual particles. Upon annealing at 200 °C, the
worm-like structure remained, but these particles were arranged further apart, resulting in noticeable pinholes.
At annealing temperatures of 250 °C and 300 °C, the particles agglomerated to form larger clusters, causing
their shape to become irregular with less distinct boundaries. Furthermore, the increased grain size at higher
temperatures also caused these thin films to have a relatively coarser appearance.

Figure 5 presents the AFM morphology and topography of V, O, thin films annealed at different temperatures,
measured over 3 X 3 pm areas. The unannealed film displayed a root mean square (RMS) roughness of 6.0 nm.
Upon annealing at 100 °C, the RMS roughness slightly increased to 6.43 nm. Further annealing at 200 °C and
300 °C resulted in RMS roughness values of 8.03 nm and 9.0 nm, respectively, attributed to the emergence of a
polycrystalline structure within the film*!.

Elemental composition of V,0, thin films

Table 1 tabulates the weight percentages (Wt%) of the elements in V,O, thin films annealed at different
temperatures, as extracted from the EDX analysis. Given that these films were deposited on ITO glass substrates,
the presence of indium and tin elements was also detected. The results indicated the absence of impurity
elements other than vanadium (V), oxygen (O), indium (In), and tin (Sn). Furthermore, the V percentage
reduced gradually from 42.1 to 35% at 250 °C before a sharp increment to 55.6% at 300 °C. Notably, with an
EDX penetration depth of 1 ym and a VO, film thickness of approximately 300 nm, the detected oxygen content
likely originated not only from the V,O, film but also from the underlying ITO glass substrate and potentially
the surrounding environment.

Optical properties of V,O, thin films

The optical transmittances ots V,0, thin films at varying annealing temperatures are illustrated in Fig. 6a.
Without annealing, the VO, thin film exhibited low transparency of 70%, primarily due to its greater thickness
[see Fig. 2b], thereby resulting in reduced light transmission. On the contrary, the thin films annealed from 100
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Fig. 4. FESEM images of V,O; thin films annealed at (a) As-Deposited, (b) 100 °C, (c) 150 °C, (d) 200 °C, (e)
250 °C and (f) 300 °C.

to 300 °C achieved a high average film transmittance of 85%. Furthermore, the interference fringe depicted in
Fig. 6a is caused by the incident light reflecting between the thin films, air, and glass substrates.

To determine the optical band gaps of the V,0, thin films at various annealing temperatures, Tauc plot
analysis [see Fig. 6b] is performed using the following Tauc equation*%:

(ahv)™ = A(hv — Ey) (1)

where a is the absorption coefficient (cm™), & is the Plank’s constant (6.626 X 1073* ].s), v is the frequency of the
incident light (Hz), n indicates the nature of the electronic transition (with #»=2 for direct band gap and n="%
for indirect bandgap), A is the proportional constant, hv is the incident photon energy (eV), and E,is the band
gap of the material (eV).

The observed linear region in the Tauc plot for (ahv)? versus hv [see Fig. 6b] indicated a direct band gap for
the V, 0, thin films*. The E_ values determined by extrapolating the linear portion of the plots ranged from 2.2 to
2.5eV and were aligned with previous studies**~%°. The analysis demonstrated an increase in E, from 2.2 to 2.4 eV
as the annealing temperature rose from 100 to 200 °C. This was attributed to the growing grain size and reduced
structural defects at higher temperatures?’. Beyond 200 °C, E, stabilized around 2.4 eV, indicating that further
annealing had minimal effect on the electronic structure of the thin film. However, several studies reported a
decrease in the band gap with higher annealing temperatures, attributed to changes in the microstructure of
thin film, improved surface roughness, and an increase in oxygen vacancies that introduced free electrons and
enhanced conductivity*>#24849 The discrepancy between the present study and previous findings might result

from variations in thin film preparation methods and experimental conditions®2.
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Fig. 5. AFM images of V,0O thin films annealed at (a) As-Deposited, (b) 100 °C, (c) 200 °C, and (d) 300 °C.

Wt%
Annealing Temperature (°C) | As Deposited | 100 | 150 | 200 | 250 | 300
(@) 12.9 129 | 142 | 19.6 | 17.8 | 9.1
v 42.1 48.7 | 45.1 | 36.5 | 35.0 | 55.6
In 38.0 372|374 |42.0 | 47.2 | 32.7
Sn 7.0 12 |33 |19 |00 |27

Table 1. Elemental composition of V,0, thin films at various annealing temperatures.

EC properties of V,O, devices

Figure 7a-c present tﬁe cyclic voltammograms (CV) of V,0, devices incorporating as-deposited thin films and
those annealed at 200 °C and 300 °C, measured at scan rates varying from 25 to 150 mV/s. The results indicated
that both anodic (I ) and cathodic peak (I ) currents demonstrated a linear relationship with the square root
of the scan rate between 25 and 150 mV/s, suggesting a diffusion-controlled process®. Furthermore, Fig. 7d
displays the 10th-cycle CV measurements for the V,0, devices at different annealing temperatures, using a linear
voltage sweep from — 2 to 2 V at a scan rate of 0.1 V/s. The measurements indicated that all V,0, devices, except
for the one annealed at 250 °C, displayed two distinct cathodic and anodic peaks in their CV curves, indicating
a two-step electrochromic transition during the potential sweeps®!. These peaks were associated with phase
transitions of Li V,0, during Li* ion insertion and extraction®'. To further elaborate, V°* ions were partially
reduced to V>*/4* during the first reduction, thus resulting in a color change from orange to yellow—green. In the
second reduction, V>*/** jons were fully reduced to V**, changing the V,0, devices from yellow-green to blue.
Conversely, the oxidation process was the opposite of the reduction process, with the color of the V,0, devices
changing from blue to yellow-green and back to their original orange color [see Supplementary Fig. S1]°!. The
redox process can be explained using the following equation®:

V205 + xLiT + xe” & Li, V305 ()

where x refers to the concentration of ions.

Based on Fig. 7d, the cathodic peak current was found to increase from 1.31 mA at 100 °C to 2.24 mA at
200 °C. However, with the annealing temperature increased to 250 °C and 300 °C, the cathodic peak current
decreased to 0.70 mA and 0.47 mA, respectively. This observation was attributed to the reduced defects and
increased crystallinity within these V,O, thin films, which consequently hindered its ability to accommodate
ion penetration®. On the contrary, the thin films annealed at lower temperatures exhibited a less crystalline
structure, which could facilitate ease of Li* ions diffusion during the redox process®®. These observations were
consistent with the literature®, where the cathodic peak current reached its maximum at 60 °C and subsequently
decreased at higher annealing temperatures. It is worth highlighting that the porous thin films prepared at
lower annealing temperatures could offer a shortened ion diffusion pathway facilitating electrolyte penetration.
Conversely, at higher annealing temperatures, reduced ion mobility in the thin films was observed due to larger
grain sizes and/or a reduction in cracks.
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Fig. 6. (a) Optical transmittance spectra (b) optical band gaps of V,0, thin films at different annealing
temperatures.

Furthermore, the cathodic peak current at a scan rate of 0.1 V/s, extracted from the CV graphs [Fig. 7a—c]
can be inserted into the Randles Sevcik equation to calculate the diffusion coefficient, D, of Li* ions during the
redox reaction as follows>>:

ip =260 x 10° x A x n? x D2 x Cy x v3 (3)

where i_is the cathodic peak currents, A is the electrode surface area (2.4 cm?), n is the number of electrons
(value=1), D is the diffusion coefficient, C, is the electrolyte concentration (1 mol/L), and v is the scan rate
(0.1 V/s). Table 2 presents the diffusion coefficients of V,O, devices at different post-annealing temperatures.
The analysis demonstrated that V,0, devices annealed at 200 °C achieved the highest diffusivity of 12.15x 107!
cm?/s, suggesting an enhanced kinetic response in the EC devices®®. However, at annealing temperature beyond
200 °C, the diffusivity was found to decrease significantly due to the blocking of insertion sites’.

Optical modulation is a crucial parameter in evaluating the performance of EC devices, as it quantifies
the degree of color change during both the coloring and bleaching states. Notably, high transmittance during
the bleaching state and low opacity during the coloring state could contribute to higher optical modulation.
To measure the optical contrast, V,0, devices were subjected to chronoamperometry (CA) measurement
with a step potential of — 2/+2 V. Subsequently, UV-vis spectroscopy was employed to measure the optical
transmittance of the V,0, devices at a wavelength of 633 nm. Figure 8 depicts the optical contrast of V,O
devices at varying annealing temperatures, while Table 3 lists the coloring, bleaching, and optical transmittance
values corresponding to different annealing temperatures.

Figure 8 demonstrates that V,0O devices with unannealed thin film exhibited a relatively high optical
modulation of 29.56%, indicating that color changes can occur without annealing. As the annealing temperature
increased from 100 to 200 °C, an enhancement of the optical modulation was achieved but these values were
found to decrease significantly at elevated temperatures. Specifically, V,0, devices annealed at 200 °C exhibited
the highest optical modulation of 42.32%, attributed to their low coloring transmittance of 29.57% and high
bleaching transmittance of 71.89%. In contrast, the optical modulation at annealing temperatures of 250 °C
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Fig. 7. Cyclic voltammograms of V,0, devices: (a-c) CV curves for as-deposited and annealed films (200 °C
and 300 °C) at scan rates of 25-150 mV/s; (d) 10th-cycle CV curves at different annealing temperatures with a
sweep from -2to 2V at 0.1 V/s.

Temperature (°C) | Cathodic Peak Current, I, s (mA) | Cathodic Diffusion Coefficient, D_ (107! cm?s™!)
As Deposited —1.50 4.46

200 —2.25 12.15

300 - 0.55 0.73

Table 2. Diffusion coefficient of V,O, devices at various annealing temperatures.

and 300 °C were the lowest among all, measuring 6% and 3.25%, respectively. Owing to this extremely low
optical contrast, no noticeable color change was observed. This phenomenon was attributed to the high surface
roughness and large grain size of the thin films developed at higher annealing temperatures, which impeded Li*
ion diffusion®*. Similar findings have been reported by other researchers”>.

Table 4 summarizes the coloring and bleaching time (¢, ¢,), optical density (AOD), intercalated charges (Q,,),
and coloration efficiency (CE) of V,0, devices. Notably, an ideal EC device should demonstrate characteristics
including rapid coloring and bleaching times, high optical density, minimal Q, , as well as high CE. In this study,
the V,0, device annealed at 200 °C exhibited fast switching times, with coloring and bleaching times of 0.4 s and
3 s, respectively. The coloring time was determined by measuring the duration it takes for the device to change
from its initial transparent state to 90% of the final optical state, while the bleaching time was defined as the time
required for the device to return from its colored state to 90% of its original transparent state®®. Furthermore, the
results demonstrated that the bleaching time of all V, O, devices was longer than the coloring time, potentially
due to the uneven surfaces of V,0, thin films, which caused inefficiencies in ion removal. This observation
was consistent with the previous findings wherein the bleaching time of V,0, thin films (2 s) could exceed the
coloring time (1.6 s)*. Remarkably, V,O, devices at all annealing temperatures demonstrated a rapid coloring
time of less than 5 s, highlighting a fast ion diffusion process.

Coloration efficiency (CE) is defined as the ratio of optical density (AOD) to the intercalated charge per unit
area, represented by the following equation®:
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Fig. 8. Optical transmittances of V,O devices at (a) As Deposited (b) 100 °C (c) 150 °C (d) 200 °C (e) 250 °C

(f) 300 °C.

CE =

A (OD)

_ log (7)

(4)

Qin

Qin

where T, is the bleaching transmittance, T is the coloring transmittance, and Q,, is the intercalated charge per
unit area Table 4 reveals that the V,0, device annealed at 200 °C exhibits the hlghest CE value of 34.93 cm?/C,
reflecting its excellent EC performance Conversely, the V,0, device annealed at 300 °C demonstrated the lowest
CE value of 7.8 cm?/C, attributable to its low optical modulatlon
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Temperature (°C) | Coloring Transmittance, T_ (%) | Bleaching Transmittance, T, (%) | Optical Modulation, AT (%)
As Deposited 33.65 63.21 29.56

100 19.08 50.50 31.42

150 26.35 62.37 36.02

200 29.57 71.89 4231

250 44.00 50.00 6.00

300 32.77 36.46 3.68

Table 3. Coloring and bleaching transmittances of V,0, devices at various annealing temperatures.

Optical
Density,
Temperature (°C) | Coloring Time, ¢_(s) | Bleaching Time, ¢, (s) | AOD Intercalated Charges, Q,, (C cm™2) | Coloration Efficiency, CE (cm? C™')
As Deposited 0.5 512 0.27 —0.010 27.16
100 0.6 5.42 0.42 —0.013 30.95
150 0.5 4.42 0.37 —0.012 31.69
200 0.4 3.00 0.38 —0.011 3493
250 0.6 2.32 0.055 —0.003 15.69
300 0.8 4.12 0.046 —0.006 7.80

Current [mA]

Table 4. Coloring and bleaching kinetics of V,0, devices at various post-annealing temperatures.

2
@| 10 cycles 90
3 100 cycles
1F 80 |
S
ol ] 200°C B 8 70 |
— B c
(= s 5
£
/ £ 60
1k &
| Fsof
[
2f 40}
2 -1 0 1 2 0 2000 4000 6000 8000 10000
Potential [V] Time [s]

Fig. 9. (a) Cyclic voltammetry and (b) transmittance spectra of V,0, devices annealed at 200 °C over 100
cycles.

Furthermore, the V,0, device annealed at 200 °C underwent a cyclic stability assessment through continuous
CV and CA measurements conducted over 100 cycles [see Fig. 9a and b]. Figure 9a demonstrates a decrease in
the cathodic peak current from 2.24 to 1.78 mA after 100 cycles. Similarly, Fig. 9b illustrates a decline in optical
contrast from 41 to 26% after 45 cycles, with complete degradation by the 100th cycle. Remarkably, the V,0,
device maintained acceptable optical contrast for 4500 s before significant degradation occurred. The low cyclic
stability of V,O, thin films was primarily attributed to morphological distortions that occurred during repeated
ion intercalation and deintercalation. These structural changes caused ion trapping and incomplete ion diffusion
within the V, 0, layers, leading to performance degradation over time®!. Additionally, one study reported that
applying a wide voltage range of — 2 to + 2 V generated gas bubbles within the device, which further compromised
its longevity®2. To address these challenges, researchers proposed several strategies. For example, doping V,0,
with metals such as titanium (Ti), molybdenum (Mo), tungsten (W), or niobium (Nb) was shown to enhance
structural stability and improve cycling performance®?-%4. Another effective approach involved coating the thin
films with a protective inorganic solid electrolyte (Li,PO,) to minimize direct interaction with the electrolyte
and mitigate degradation®.

Table 5 provides a comparative analysis of the EC performance of V,0, thin films and devices fabricated
using various methods and annealed at their respective optimal temperatures. This study stood out for its low
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Optimal Temperature Optical Modulation, | Coloration Efficiency, | Cyclic
Authors (°C) Fabrication Method Thin film/device | AT (%) CE (cm2C™) Stability
Tutel et al.® 450 Ultrasonic spray deposition | Thin film 17 - 25
Lin et al.*! 400 RF co-sputtering Thin film 31 6.3 -
Vernardou et al.®® | 300 Hydrothermal synthesis Thin film 40 - 500
Mouratis etal.” | 250 Spray pyrolysis Thin film 7 8.1 -
Mjejri et al.%8 500 Doctor blade Thin film 51 - 300
This work 200 Sol-gel spin coating Device 42.32 34.93 100

Table 5. A comparison of EC parameters between the current study and others.

annealing temperature of 200 °C, which was significantly lower than the temperatures reported by Mejri et
al. (500 °C) and Tutel et al. (450 °C), highlighting its energy-efficient processing approach. Moreover, unlike
other studies that focus solely on thin films, this work successfully incorporated a complete device, presenting
a practical and scalable solution for real-world EC applications. Besides, the fabricated device demonstrated
an optical modulation of 42.32%, making it highly competitive and second only to Mejri et al. (51%), while
outperforming Tutel et al. (17%) and Mouratis et al. (7%). Furthermore, the coloration efficiency of 34.93 cm?
C~!significantly surpassed the values reported by Lin et al. (6.3 cm? C™!) and Mouratis et al. (8.1 cm? C™!). While
the cyclic stability of 100 cycles was lower than that of Mejri et al. (300 cycles) and Veranadou et al. (500 cycles),
the balance achieved between low-temperature processing, high optical modulation, and excellent coloration
efficiency positions this fabrication method as a promising approach for developing practical multicolor EC
devices.

Conclusion

In conclusion, V,O thin films were successfully fabricated using sol-gel spin coating technique at different
annealing temperatures (100-300 °C). Subsequently, the thin films were converted into devices to study their
EC performance. The V,O; thin films annealed at varying temperatures exhibited thicknesses ranging from
273 to 332 nm. XRD analysis also indicated that higher annealing temperatures could significantly improve
the crystallinity of these V,O. thin films. Meanwhile, the CV analysis demonstrated that the V,0, device
annealed at 200 °C achieved a maximum diffusivity of 12.15X 107! cm?/s, which decreased significantly at
higher temperatures. Additionally, the V,O, device annealed at 200 °C exhibited the highest optical modulation
of 42.32% and CE of 34.93 cm?2/C, whereas the device annealed at 300 °C obtained the lowest optical modulation
of 3.25% and CE of 7.80%. Throughout this study, the V,0, device annealed at 200 °C demonstrated the best EC
performance with good diffusivity, high optical modulation of 42.32%, excellent CE of 34.93 cm?/C, as well as
rapid coloring (0.4 s) and bleaching time (3 s). This study showed a good correlation between the microstructure
and EC performance of V,0, devices under careful annealing control at low temperatures. These technical
novelties also provide further increased awareness and research strategies for future modern electronic devices
including multicolor EC windows, multicolor displays, and energy status indicators.
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