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Vanadium pentoxide (V,0s) is a highly promising material for optoelectronic applications due to its wide optical band gap,
significant thermal/chemical stability, and intriguing multichromic properties. Nonetheless, the production of uniform and crack-
free V,0s thin films over large areas via conventional deposition methods remain to be a challenge. In this work, we demonstrate
deposition of microscopically uniform, large area (15 cm x 15 cm), nanocrystalline and multichromic V,0s thin films onto
fluorine-doped tin oxide (FTO) coated glass substrates via ultrasonic spray deposition (USD) method. Thin-film formation
behavior, microstructural and optoelectronic properties of the deposited films were investigated as a function of post-deposition
annealing temperature. Electrochromic performance of the fabricated films up to an area of 15 cm X 15 cm was monitored using
cyclic voltammetry (CV), where 3 different coloration states of V,0s were observed under different applied potentials.
Electrochromic devices fabricated with the deposited V,0s thin films were found to be stable up to 1000 cycles. Results presented
herein provide a new roadmap for the large area deposition of V,05 through USD method, which can be readily extended to a vast

number of other functional metal oxide systems.
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Multifunctional thin films have received significant attention due
to their potential technological applications. Transition metal oxide
thin films have been studied in various fields owing to their tunable
physical, optical and electrochemical properties. Among them,
vanadium pentoxide (V,0s) offers rich oxidation states and long
cyclic stability in electrochemical applications.'”> Moreover, V,0s
thin film electrodes show high chemical stability and reversible
color-switching properties. In addition to promising intrinsic proper-
ties of V,0Os thin film electrodes such as tunable optical band gap,
surface porosity, and stability under light, their performance can be
altered by changing the morphology and decreasing the grain size
down to the nanometer-scale.

Due to the high electrochemical stability of transition metal
oxides, they are used in the fabrication of electrochromic devices.’
Typical examples include, but not limited to, tungsten (VI) oxide
(WO3),*3 nickel (I) oxide (NiO)*” and molybdenum (VI) oxide
(M003).%? Electrochromic properties of V,0s have gained impor-
tance due to its multichromism, where a rapid color change occurs
from yellow to blue and green.'® This rapid color change is
associated with the swift intercalation/deintercalation of Li* ions
within V,0s5 layers, leading to reversible anodic and cathodic
coloration.'"'?

Vanadium oxides contain vanadium with oxidation states be-
tween +2 to +5. V,0s is the most stable phase owing to its large
oxygen to vanadium (O/V) ratio and it shows a thermochromic phase
transition at 257 °C.'"*'* Amorphous V,Os thin films can be
obtained at deposition temperatures below 300 °C,"> while these
disordered V,0s thin films can be crystallized by a simple post-
deposition annealing process. V,05 was investigated extensively in
the literature due to its unique semiconductor to metal transition
behavior, wide optical band gap, high chemical and thermal stability
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with favorable thermoelectric properties.”>™"” Prototype devices
include gas sensors,'s‘lg batteries,zo electrochromic de:vices,2"22 and
supercapacitors.”>~> These electronic applications require the de-
position of thin, homogeneous, and non-porous films with low
resistance, and high carrier diffusion length. Different methods have
been utilized for the deposition of V,05 thin films such as thermal

evaporation,*® magnetron sputtering,”2 pulsed  laser
deposition, > chemical vapor deposition,®>>* sol-gel,*>**° spray
pyrolysis,®”° and ultrasonic spray deposition (USD).***' However,

most of the deposition methods are not compatible for deposition
over large areas and therefore offer limited scalability. For this
reason, there are only a few studies on large area deposition of
different types of materials. For instance, Chen et al.*> demonstrated
a continuous roll-coating method for the production of durable VO,
nanocomposite coatings for smart, energy saving window applica-
tions. The utilized method was conducted at a relatively low
temperature (240 °C), allowed deposition of films over large areas
using solution-based precursors. Ramarajan et al.** reported deposi-
tion of large area (10 cm x 10 cm) antimony (Sb) doped SnO, thin
films via spray pyrolysis technique and characterization of its
structural, optical, electrical properties and thermal stability. The
large area spray deposited Sb-doped SnO, thin films showed
significant enhancement of the optical and electrical properties
with appreciable thermal stability. Among solution-based methods,
USD stands out as a simple, inexpensive, and highly advantageous
method allowing the deposition of thin films over large areas.
Moreover, it offers unique benefits associated with its high material
utilization and capability to operate at ambient conditions without
any need for low pressures (i.e., vacuum) or elevated temperatures.
Besides, it allows reproducible deposition of high purity thin films.
Briefly in the USD method, first, a liquid precursor solution is
pumped to an ultrasonically excited tip. Then, static waves form in
the liquid layer on the surface of the nozzle. These waves eventually
become unstable and collapse, causing the formation of fine droplets
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of the precursor solution. Finally, the atomized material is carried by
a controlled gas flow towards a heated substrate, where it undergoes
a thermal decomposition to yield the desired film.

The use of USD method for the deposition of electrochromic thin
films has already been demonstrated for NiO*¢ and WO0;.*7~°
However, to date, only a few studies have investigated the use of
USD method for the deposition of V,0s thin films.*>*' Wei et al.
studied electrical and optical properties of V,Os thin films prepared
via ultrasonic spraying, where a precursor solution containing
hydrogen peroxide and V,05 was used.*® Furthermore, these films
were found to contain mixed phases of V,05 and VO, exhibiting a
non-uniform morphology due to the stacking of rod-like particles.
Tadeo et al. reported synthesis, characterization and humidity
sensing properties of polycrystalline V,Os thin films deposited on
quartz substrates by ultrasonic nebulized spray pyrolysis of an
aqueous combustion mixture.*' The fabricated humidity sensors
based on V,0s5 thin films showed highly promising response. As can
be seen, none of these previous works have investigated the
deposition of multichromic V,0s thin films over large areas through
USD method.

In this work, we present a direct deposition route for the
fabrication of V,0s5 thin films via USD method onto FTO/glass
substrates with a homogeneous, crystalline, crack-free nature.
Surface structural, morphological, optical, and electrochromic prop-
erties of these single-phase V,0s thin films were comprehensively
investigated in the light of post-deposition annealing temperature.
The effects of film morphology on electrochromic properties of thin
film electrodes and asymmetric cells were explored.

Experimental

Materials.—The FTO/glass substrates were purchased from
Hartford Glass Co. (sheet resistance of 21 ()/square). Vanadyl (IV)
acetylacetonate (VO(acac),, 98%, Sigma Aldrich), vanadium pent-
oxide (V,0s, = 98%, Sigma Aldrich), and methanol (ACS Reagent,
Merck) were used without any purification.

Deposition of thin films.—FTO/glass substrates with different
dimensions (i.e., 2cm X 2cm, 3.5cm X 9cm and 15cm X 15 cm)
were cut and cleaned consecutively by Hellmanex detergent,
acetone, isopropanol, and deionized (DI) water for 20 min each at
50 °C using an ultrasonic bath. At the end, samples were dried under
N, flow.

V,0s films were deposited onto FTO/glass substrates using a
commercial USD system (Exacta Coat, Sono-Tek). In the deposition
protocol, the concentration of the precursor solution was set to 12.5 mM
by dissolving the necessary amount of VO(acac), in 50 ml methanol.
The methanol-based precursor solution was continuously sprayed
through the ultrasonic Vortex nozzle (operated at 120 kHz), which
produced stable and conical spray patterns for deposition onto pre-
heated FTO/glass substrates (T = 100 °C). The distance between
samples and the spraying nozzle was set at 7 cm. The solution flow rate
was 0.1 ml min~' and clean air was used as the carrier gas at 4 kPa. The
ultrasonic nozzle was moved in x-y direction following an S-shaped
pattern with a 1 mm spacing and at a constant speed of 30 mm s~
Following deposition, films were annealed at three different tempera-
tures of 450, 500, and 550 °C for 60 min under ambient conditions.

V,0s thin films deposited onto 2cm x 2cm FTO/glass sub-
strates were used for morphological, structural, chemical, electrical/
electrochemical, and optical characterizations. V,0s thin films
deposited on 3.5cm X 9cm and 15cm x 15cm FTO/glass
substrates were used for the fabrication of electrochromic devices
with the METU logo and large area, respectively.

Characterization of Thin Films

Structural characterization techniques.—The crystal structure of the
deposited films was examined using Rigaku Ultima-IV grazing incidence
X-ray diffraction (GIXRD) system equipped with Cu Ko radiation (at a
wavelength of 0.154 nm) from 10° to 90° at a scan rate of 1° min~". X-

ray photoelectron spectroscopy (XPS) and Raman spectroscopy were
used to examine the surface chemistry and the oxidation state of the
elements present in the deposited films. XPS analyses were conducted
using a monochromatic Al K, X-ray source (15kV, 400 W) with a
SPECS PHOIBOS hemispherical analyzer. The nominal binding energy
(B.E.) of the C 15 signal at 284.68 eV was used as a B.E. reference.
Raman spectra were recorded with a BRUKER FRA 106/S spectrometer
using a 532nm Nd:YAG laser excitation source. A spectroscopic
ellipsometer was used to determine the thickness of the thin films on a
Woollam, M2000V instrument. In order to improve fitting precision, data
were collected at 3 different angles of 65, 70 and 75°.

Morphological characterization of thin films.—Scanning elec-
tron microscopy (SEM) analyses were conducted in order to
investigate the microstructure of the deposited thin films. An FEI
Nova Nano FEG-SEM equipped with an energy dispersive X-ray
(EDX) analyzer operated at 20 kV was used for this purpose. A thin
Au layer was deposited onto the samples prior to SEM and EDX
analysis. Atomic force microscopy (AFM) was utilized to monitor
the surface morphology of the films. A Veeco MultiMode V AFM
was used in tapping mode.

Electrical and optical characterization of thin films.—The Hall
effect measurements were conducted at room temperature using an
Ecopia HMS3000 system to determine the charge carrier density and
charge mobility of the thin films on quartz substrates. UV-visible
light transmission of the films was recorded within 200—1000 nm
using a PG T80 4+ UV-Vis Spectrophotometer, where FTO/glass
substrates were used as a background.

Electrochemical characterization of thin films.—A Biologic
VMP3 potentiostat/galvanostat system was utilized for the electro-
chemical characterization. To understand the electrochemical beha-
vior of V,0s5 thin films, cyclic voltammetry (CV) analyses were
performed in a 3-electrode setup within a potential range of —2.0 V
to 2.0V relative to Ag/AgCl reference electrode in saturated
potassium chloride (KCl). Platinum foil was used as the counter
electrode and 1M lithium perchlorate (LiClO4) in propylene
carbonate (PC) was used as the electrolyte. Potentiostatic impedance
analysis (PEIS) was conducted at a frequency range of 200 kHz to
50 mHz with an amplitude of 20 mV and an applied potential of
0.05 V. Spectroelectrochemical studies of V,0Os thin films were
carried out using lithium perchlorate (LiClO,4) electrolyte via a
Varian Cary 5000 UV-Vis spectrophotometer.

Electrochromic cells were fabricated to check the cyclic stability
and large-scale colorations. The cycling performance of the V,05
thin films was monitored by assembling an asymmetric cell, where
deposited V,05 thin films on FTO and bare FTO acted as the anode
and cathode, respectively. These two layers were assembled using a
3 M VHB band, which also ensured the encapsulation of the cell.
Then, 1 M LiClO,4 in PC was filled into the encapsulated cell with
the help of a syringe to finalize the assembly of an asymmetric
electrochromic cell. The same protocol was utilized in the fabrica-
tion of 15 cm X 15 cm electrochromic cells.

To pattern V,Os thin films by ablating excess V,05 and FTO on
the glass substrates, FiberLAST-NanoMark Energy Series (20 W,
1064 nm wavelength, 100 ns pulse length) nanosecond laser marking
system was used. Excess V,0s/FTO was removed with a power,
frequency, and marking speed of 10 W, 50 kHz, and 100 mms~',
respectively. Then, 4 W of power with the same frequency and
marking speed as before was used to remove V,0s overcoat to
expose the FTO contacts for separate colorations of the letters.
Lastly, two electrode asymmetric cells were fabricated with the same
procedure as above for colorations.

Results and Discussion

Structural properties.—The average thicknesses of as-deposited
and V,Os thin films annealed at 450, 500, and 550 °C were
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Figure 1. XRD patterns of as-deposited V,Os thin films and films annealed
at different temperatures.

determined using ellipsometry as 62, 69, 74, and 76 nm, respec-
tively. The thickness of the thin films was found to increase with the
annealing temperature.’’ The increase in film thickness was attrib-
uted to grain growth.

XRD patterns of the V,0s thin films, provided in Fig. 1 showed
that as-deposited films were amorphous, while thin films annealed at
450, 500, and 550 °C had an orthorhombic structure (PDF 00-041-
1426) with 26 values of 15.4°, 20.3°, 21.4°, and 31.1° indexed to
(200), (001), (101), and (400) planes, respectively.sz’55 Furthermore,
annealed films showed a c-axis preferred orientation, where the
(001) planes lied parallel to the substrate.

The crystallite size, strain and dislocation density, obtained from
XRD profiles using (001) peak are tabulated and provided in Table I.
The average crystallite sizes (D) of annealed V,Os thin films at
temperatures of 450, 500, and 550 °C were found to increase slightly
from 20.1 to 22.3 nm, which were calculated using the Scherrer’s
equation (D = 0.94)(3cosf). Herein, A refers to the wavelength of
the X-ray, 3 is the full width at half maximum (FWHM) and 6 is the
Bragg angle. The slight increase in crystallite size with increasing
post-deposition annealing temperatures might be attributed to the
grain growth process. The strain (€) and dislocation density (&) were
calculated using relations & = (Bcosf)/4™® and 6 = 1/D*Y’
respectively.V,Osthin film annealed at 450 °C (i.e., the best
performing thin film in the current work) showed the highest values
of strain and dislocation density as compared to the rest of the
investigated films.

Vibrational structure of the deposited V,0s5 films on FTO/glass
substrate along with that of a commercial V,05 powder benchmark
sample were studied using Raman spectroscopy (Fig. 2). It can be
seen in Fig. 2a that V,05 powder benchmark sample and the V,0s5
thin films revealed similar Raman features located at ca. 144, 196,
283, 404, 481, 527, 701, 996 cm™ Considering the fact that the
currently deposited V,Os5 thin films had a thickness within 60 —
80nm, one can argue that the Raman spectra of the currently
investigated thin films contained both surface and bulk-related
Raman signals. In a detailed study, Baddour-Hadjean et al. reported
that crystalline V,0Os thin films with a thickness of 600 nm (i.e.,

much thicker than the currently investigated vanadia films) revealed
the following experimentally detectable Raman signals: i) 994 cm ™
M(V-0), A,, stretching), ii) 700 em™! (U(V-0), B;, and Bj,,
stretching), iii) 526cm™ ' (UV-0), A,, stretching), iv) 480cm™ '
(6(V-0-V), A, bending), v) 403 cm”! (p(V = 0), A,, rocking), vi)
302cm ™! (p(V = 0), A,, rocking), vii) 282 cm™ ' (p(V = 0), B,and
B3, rocking), viii) 195 cm! (6(0-V-0), A, and B3,, bending ), and
ix) 144 cm™! (6(0-V-0), B 1¢and Bj,, bending) where the assign-
ments were based on the bulk V,Os lattice structure.”® Raman
spectra of the V,0Os thin films given in Fig. 2a indicate close
resemblance to these modes suggesting the presence of a bulk-like
V,,0s5 structure in the films. This is also evident by the strong Raman
signal at 144-152 cm ™" (Figs. 2a and 2b) suggesting the presence of
long-range structural order.”® On the other hand, the unique
frequency shift in this latter Raman signal for the V,0s5 thin film
annealed at 450 °C (which is also the best performing thin film
structure in the current work) reveals important structural dissim-
ilarities as compared to all other currently investigated thin films
(Fig. 2b). Based on the literature data,>® it can be argued that the
unique shift in this Raman signal can be associated with the
structural differences and relative disordering in the thin film
annealed at 450 °C due to variations in the shear motion of the
vanadia ladders® (i.e., B 1¢ mode) and the alterations in the rotations
of the ladders along their axes>® (i.e., B3, mode). This argument is
also consistent with the difference in the FWHM value of this
feature for the thin film annealed at 450 °C (i.e., FHWM =
10.0cm™") as opposed to that of the films annealed at 500 °C and
550 °C (i.e. FHWM = 8.8 cm™ ).

In light of a recent comprehensive review,”” we can also briefly
discuss the possible contribution of VO, surface functionalities in
the Raman spectra given in Fiffr. 2. Particularly, the high-frequency
Raman signals at >800cm™ can be informative allowing the
unambiguous identification of the various VO, surface functional
groups (e.g., VO, orthovanadate; V,0;, pyrovanadate; (VOs),
metavanadate; V190O,g, decavanadate; and V,0Os nanoparticles,
NP). Along these lines, V-O stretching signal at 996 cm™' in the
Raman spectra in Fig. 2a may also suggest the presence of V,05 NP
and V,05 microcrystallites.” The characteristic Raman mode at
996 cm™' has been typically observed for both hydrated (i.e.,
exposed to ambient conditions before spectral acquisition) or
dehydrated (i.e., annealed in the absence of air and not exposed to
ambient conditions before spectral acquisition) V,Os films con-
taining ordered vanadium pentoxide NPs deposited on numerous
metal oxides (e.g. TiO,, ZrO,, SiO, etc.).!3%52 Occurrence of very
weak shoulder signals at 1005 and 1010cm™' (Fig. 2c) for the
vanadia thin film annealed at 450 °C suggests the possible presence
of decavanadate (V90»g) and/or isolated mono-oxovanadate (VO,)
surface functional groups as additional minority species,
respectively,®? where these features are not expressed for the films
annealed at 500 °C and 550 °C.

V,05 thin film annealed at 450 °C was also analyzed with XPS in
order to investigate its electronic structure in detail (Figs. 3 and Sl
available online at stacks.iop.org/JES/168/106511/mmedia). XPS
method is extensively used to characterize vanadia thin films in the
literature.®*~%° The most intense XPS signal of vanadia overlayers is the
V2p feature. Due to the complex electronic interactions (hybridization
effects on V2p and the closely located Ols signals®® as well as the
existence of additional loss and satellite features("‘), interpretation of the
vanadium oxidation state via XPS is not trivial. In a comprehensive
study by Silversmit et al.,%® it was reported that V2p;,, signals for VT,

9

Table 1. Microstructural parameters for V,0s films annealed at various temperatures.

Annealing T (°C) (hkl) Crystallite Size (nm) Strain (1073 lin.>m™%) Dislocation Density (10" lin.m™?)
450 (001) 20.1 1.8 24.7
500 (001) 21.1 1.7 224
550 (001) 22.3 1.6 20.0
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Figure 2. (a)-(c) Raman spectra of commercial V,0s powder and V,0s thin films annealed at different temperatures.
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Figure 3. XPS data of the V,0s thin film annealed at 450 °C. (a) V2p and Ols, (b) Ols binding energy regions.

Vv, VP VA VO states were observed at 517.2, 515.8, 515.3, 513.7,
512.4 eV, respectively. Furthermore, it was shown by Zimmerman et
al.%* that the binding energy (B. E.) difference between Ols and V2p;,
states (i.e., A = B.E. (Ols5)-B.E.(V2p3,) could also be used as an
additional effective parameter for the reliable assessment of various
vanadium oxidation states. In the light of this information, V2p;, XPS
spectrum of the vanadia film annealed at 450 °C given in Fig. 3a can be
interpreted. Figure 3a shows that in addition to the major O/s signal at
529.9 eV, three different V2p XPS signals are observed at 524.6, 517.1,
and 515.7 eV, which can be attributed to V5+2p 12 \A +21)3/2, and
V¥ 2p;, states in very good accordance with the literature,
respectively.®® It should be emphasized that in addition to the particular
B.E. position of the V>"2p;,, signal, A value of 12.8 eV as well as the
spin—orbit splitting between V>2p,» and V> 2p;, signals (i.e., 7.5 eV)
are also in perfect agreement with the assignment that the predominant
vanadia phase of the film annealed at 450 °C is V,0s revealing a
vanadium oxidation state of +5.° While the V> state (i.e., V,Os) is by
far the most prominent feature in Fig. 3a, there also exists a very weak
yet discernible shoulder feature at 515.7 eV which can be assigned to
the presence of minuscule quantities of V** species. This is also in
excellent harmony with the currently presented Raman data of this film
(Figs. 2b—2c) revealing slightly disordered V,0s NP as the predominant
species along with decavanadate (V;pO,g) and/or isolated mono-

oxovanadate (VO,) surface functional groups as minority species.
Thus, based on the XPS data given in Fig. 3a, it can be argued that the
thin film prepared by annealing at 450 °C is mostly comprised of V>*
species with an extremely small contribution from V** species.

Additional information can also be gathered by analyzing the O1s
XPS signals of the V,0s thin film annealed at 450 °C (Fig. 3b).
Deconvolution of the asymmetric O/s signal in Fig. 3b yields three
distinct O/s features at 529.9, 531.0, 532.4 eV. The most prominent
Ols signal at 529.9 eV can be readily assigned to V-O species in the
vanadia film.®** The shoulder feature apgearing at 531.0eV has
been discussed in detail by Silversmit et al.°® and can be attributed to
a Vv *2ps, satellite. It should be noted that the Ols signal at
531.0 eV can also have a minor contribution from the SnO, species
of the FTO substrate,70 whose Sn3d signal is also visible in the
survey XPS spectrum of this sample (Fig. S1). Finally, the minor
feature with a high B.E. OIs signal at 532.4 eV can be assigned to
C=0/C-O(H) residual organic oxygenates on the surface, whose
origin is most likely associated to the anionic component (or its
oxidized forms) of the vanadyl (IV) acetylacetonate precursor used
in the thin film synthesis.

Morphology of thin films.—SEM and AFM analyses revealed
the surface morphology of the deposited films (Fig. 4). SEM image
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of the as-deposited film (Fig. 4a) is almost featureless with a
relatively smooth surface. This characteristic amorphous surface
has a low root mean square (RMS) roughness value as shown in
Figs. 4b—4c. Upon annealing the films at 450, 500, and 550 °C, as a
result of oxidation and sintering, corrugated features started to
appear as shown in Figs. 4d, 4g, and 4j, respectively. Observations
of ordered nanorod structures in SEM images are consistent with the
XRD, Raman, and XPS results (Figs. 1-3). 3D AFM profiles and
phase maps for thin films annealed at 450, 500, and 550 °C are
shown in Figs. 4e—4f, 4h—4i, and 4k—41, respectively. The size of the
nanorods is found to increase with the annealing temperature. At an
annealing temperature of 550 °C, the morphology of the nanorods
started to degrade, where they coalesced with each other. The RMS
roughness values for the as-deposited as well as 450, 500, and 550 °
C annealed V,0s films are measured as 5.2, 12.5, 15.8, 17.2 nm,

(a) (b)

144 0.0 nm

Spmﬂ

(h)

200.0 nm._

0.0 nm

respectively. With an increase in the annealing temperature from 450
to 550 °C, RMS roughness values of the films are found to increase.
The AFM images are in good agreement with the currently presented
characterization results (Figs. 1-3), suggesting that the crystalline
domains form at an annealing temperature of 450 °C, and grow in
size with increasing annealing temperature. It should also be noted
that in addition to its simplicity and structural uniformity of the
deposited films at the microscopic level, USD method enabled the
deposition of thin films over large areas (e.g., 15cm X 15cm), as
shown in Fig. S2.

Electrical and optical properties.—Hall-effect measurements
were conducted at room temperature to evaluate charge carrier
concentration, resistivity, and mobility of the thin films. Obtained
results are tabulated and presented in Table II. Measurements

Figure 4. Surface morphology of deposited V,0s thin films via SEM are shown in the images on the left column. Images in the middle column show 3D AFM
maps, while images on the right column present AFM phase maps. (a)—(c) as-deposited sample, samples annealed at (d)—(f) 450 °C, (g)—(i) 500 °C, and (j)—(1)
550 °C.
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showed that all films were n-type semiconductors. As-deposited thin
film showed a relatively low carrier concentration (6.85 X
10'?cm™), but high mobility (5.80 cm® V™' s), and resistivity
(157 x 10° Q cm) compared to the annealed films. Carrier
concentration and resistivity values are found to be quite similar
to the V,0s films annealed at 450 and 500 °C. Upon annealing at
550 °C, carrier concentration was found to increase almost four
times, and resistivity was found to decrease slightly. Mobility
increased with an increase in the annealing temperature. Variations
in resistivity, carrier concentration, and mobility values might be
explained by the changes in dislocation densities upon annealing. As
dislocation density increases, various types of defects trap the
carriers and lower the free carrier concentration and mobility.7"72
Thus, carrier concentration increased dramatically for the V,05 films
annealed at 550 °C. Furthermore, crystallite size calculated using
Scherrer equation from XRD increased with the annealing tempera-
ture, which resulted in an increase in carrier mobility.

The optical transmission spectra of the films are provided in
Fig. 5. At a wavelength of 600 nm, the optical transmittance of as-
deposited thin films was approximately 92%, while that of annealed
films at 450, 500, and 550 °C were 83%, 73%, and 69%,
respectively. Besides, approximately a 5%—7% increase in transmit-
tance was observed for all films in the near-infrared region. As
discussed through the AFM images, annealing temperature increases
the surface roughness, which eventually increases light scattering
and decreases the optical transmittance.®® Moreover, annealing
temperature dependent increase in film thickness and grain size
can also lead to a decrease in the transmittance of the films.”>~"

The optical band gap values of V,0Os films were determined via
UV-vis spectroscopy measurements using Tauc’s relation,

ahv = A(hv — Eg)",

where « is the absorption coefficient obtained from Lambert
formula, hv is the incident photon energy, A is the characteristic
constant independent of photon energy, E, is the optical band gap
and m is an index that can have different values such as 1/2, 3/2, 2 or
3 depending on the nature of the electronic transitions. The variation
of (ahv)? vs hv for V,0s films annealed at 450, 500, and 550 °C is
provided in the inset of Fig. 5. E, values of the films are estimated
through extrapolating the linear portion of the plots. Band gap values
of 2.69, 2.63, and 2.58 eV are obtained for films annealed at 450,
500, and 550 °C, respectively. E, values are found to decrease only
marginally with increasing annealing temperature, and Yelsani et al.
and Madhuri et al. reported similar behavior of optical band gap.
Yelsani et al. showed the decrease in Eg values from 2.40 to
2.14 eV, upon post-annealing treatment of V,0s films deposited via
spray pyrolysis method.”> Moreover, Madhuri et al. showed that the
increased substrate temperature decreased band gap of V,0s films
deposited by the electron beam evaporation method.”® Reduction in
the optical band gap values might be tentatively attributed to
increased average crystallite size and decreased strain upon in-
creasing the annealing temperature.

Electrochromic properties.—Electrochromic performance of the
V,0s5 thin films was investigated both in 3-electrode and asymmetric
cell setup to understand the effects of porous morphology, where
V,05 and bare FTO were utilized as positive and negative
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Figure 5. Transmittance spectra for as-deposited and annealed V,Os thin
films. Inset shows corresponding Tauc plots obtained from UV-vis spectro-
scopy measurements.

electrodes, respectively. Cyclic voltammograms of the V,0s5 films
annealed at 450, 500, and 550 °C in 3-electrode setup were obtained
(Fig. 6) to understand the electrochemical behavior of the films after
5 cycles. For the annealed films, the color of the electrodes was
initially yellow and then turned into blue at the reduced state. The
change in the color occurred according to the reaction given below,
which includes intercalation/deintercalation of Li™ ions into/from
V,0s thin films. Note that the source of the Li™ ions was the lithium
perchlorate (LiClO,4) in propylene carbonate (PC) solution, which
was used as the electrolyte in the electrochemical setup.

V,0s(Yellow) + xLi + +xe — =Li, V,O0s(Blueish Green)

Photos of color changes are provided as insets within the CV curves
provided in Fig. 6a. Cathodic peaks (around —1.5 and —0.4 V) in the
voltammograms were due to Li* intercalation into the V,Os
structure, while the anodic peaks (around 1.2 and 1.7 V) were
attributed to Li™ deintercalation from the films.”® While the anodic
region contained only V** and V>, first cathodic reduction around
—0.5V resulted in a mixed state of V°7, V4+, and V3+, which
turned the as-deposited V,Os into olive green.”' Reduction via Li™
insertion into V,0s5 structure lowered the valence of as-deposited
yellowish pentavalent vanadium (V1) to a mixed state of V** and
V37, with an increased ratio of V> after —1 V, resulting in a blueish
green color.”””® Increased cathodic polarization up to —1.5V
brought further conversion to V>' valence state, resulting in a
conversion of green color into a blueish green. Upon the application
of anodic potentials, conversion to yellow color (similar to the color
of as-prepared V,0s) occurred, indicating the deintercalation of
V,0s5 crystal. Further polarization around 1.7V increased the
oxidation state of vanadium ions with a brownish-orange
coloration.”®

The degree of crystallization in thin films is of great importance
in determining the electrochromic (EC) performance. EC perfor-
mance depends on the crystal structure as the conduction of ions
occurs between the octahedral sites of the crystalline V,0s. Broad

Table II. Hall-effect measurement results of as-deposited and annealed V,05 thin films.

Annealing T (°C) Carrier concentration (cm ™) Mobility (cm?/V.s) Resistivity (£2.cm) Type
As-deposited 6.8 x 10" 5.8 x 10° 1.6 x 10° n
450 7.9 x 10" 6.0 x 107! 13.3 n
500 9.8 x 10" 6.8 x 107! 94 n
550 3.5 x 10" 12 x 10° 3.9 n
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Figure 6. (a) Cyclic voltammograms of V,Os thin films annealed at different temperatures at a scan rate of 100 mV s~ in a 3-electrode setup. Insets show the
photographs of thin films at different oxidation states. (b) Photographs of patterned electrochromic film in different states and final coloration states of V,05 thin
film demonstrating the potential of the USD method and multichromic V,0s. (c) Photographs of the large area (15 cm x 15 cm) electrochromic films in as-

prepared (left) and colored states (middle and right).

reduction and oxidation peaks can be attributed to the nanostructured
V,0s5 thin films. Here, decreased current density of the intercalation/
deintercalation peaks for the 500 °C annealed film with respect to
that of 450 °C shows the reduced activity of vanadium sites.
Especially annealing the samples at 550 °C resulted in narrower
intercalation/deintercalation peaks, further confirming the decreased
performance due to degradation of the nanorod morphology. Using
the cyclic voltammograms, it was possible to deduce that the film
annealed at 450 °C had the highest number of active vanadium sites,
which corresponds to an increased diffusion coefficient of Li™
according to the equation below;™

. 53 vy e L
i, = (2.69x10°)n2ADf¢; Cy 2,

where i, is the peak current or peak current density (A or A cm™?), A
is the electrode area (cmz), Dy, is the diffusion coefficient of Li" into
the V,0s structure (cm? s~ 1), Cy; is the ionic concentration in the
electrolyte (mol cm %), and v is the potential scan rate (V s7h.
According to this equation, it is evident that the increased current
density of the V,05 corresponds to an increased diffusion coefficient
for the Li™ intercalation/deintercalation. By using cyclic voltammo-
grams, the diffusion coefficient of Li* ions into the V,Os thin films
annealed at 450 °C was estimated to be 3.01 x 1072 ecm® s™' at a

scan rate of 100 mV s~'. This is one of the best values obtained
recently.'>®'"* Low diffusion coefficient for Li ions resulted in a
decrease in peak currents for the samples annealed at 500 °C
and 550 °C, which were estimated to be 2.14 x 107° and 1.87 x
107 ecm?® s™', respectively. The decrease in diffusion coefficient
with temperature was attributed to the bulky structure of V,0s upon
annealing at higher temperatures, as discussed through Raman
results and the degradation of nanorod morphology at elevated
temperatures as verified by the AFM and SEM images (Fig. 4).
V,05 films were laser ablated to obtain individual letters to
conceptualize the multichromic behavior. The steps and the photo-
graphs of the assembly and coloration of the patterned film are
provided in Fig. 6b. Following the formation of the letters via laser
ablation, bare FTO was also laser ablated to divide it into 4 parts to
obtain 4 separated cells, each containing a single letter. Then, the
enclosed cell was filled with electrolyte, ultimately forming an
electrochromic cell, where V,Os and bare FTO act as anode and
cathode, respectively. Consequently, each letter was subjected to a
constant voltage to obtain different colors. Applied voltages are —1,
—3, and 3V to letters “E”, “T”, and “U”, respectively. Letter “M”
was left in the as-prepared condition for comparison. To practice the
feasibility of USD method for fabricating large-scale electrochromic
films, V,0s5 thin films were also deposited over large areas (15 cm x
15 cm), and the coloring was practiced through a large bare FTO
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substrate as the cathode. The assembled asymmetric cell was again
filled with 1 M LiClOy in PC electrolyte. Photographs of the colored
states of the electrochromic film are provided in Fig. 6¢c. While the
large-scale coloration was successfully achieved, homogeneity of the
films in as-prepared, blue, and green states was assessed by
evaluating the RGB (red, green, blue) color codes in pre-defined
areas (Fig. S3). Detailed information on this procedure can be found
in the supporting information section. By calculating the mean and
the standard deviation of the RGB color codes, the coefficient of
variation was calculated and provided in Table SI. A maximum
coefficient of variation of 9.1% was observed in these measure-
ments, confirming the uniformity and homogeneity of the thin films
deposited through USD method over large areas.

Figure S4 shows the PEIS results of as-deposited and annealed
V,0s5 films at 450, 500, and 550 °C. The starting point of the high-
frequency region in the spectrum corresponds to the series resis-
tance. It is evident that annealing lowers the resistance of the as-
deposited film, offering better conductivity (inset of Fig. S4).
Annealing at 450 °C and 500 °C offers the best results in terms of
conductivity. When compared, thin-film annealed at 450 °C has a
very small semi-circular region, proving its better kinetic activity
when compared to the film annealed at 500 °C. From the slope of the
low-frequency region, it is possible to deduce that the electro-
chromic reactions in as-deposited film are more diffusion-limited
compared to the annealed ones.

Transmittance changes of the films were monitored in colored
(obtained with 2 V bias) and bleached (obtained with —2 V bias)
states (Fig. 7). There was no change in the transmittance for
amorphous films in accordance with the former studies in the
literature, where electrochromic response was reported only for the
orthorhombic crystals.**® A maximum transmittance change of
18% was obtained at a wavelength of 900 nm for the films annealed
at 450 °C. Changes in transmittance values were found to decrease
with increasing annealing temperature. Maximum transmittance
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changes of 11% and 7% were obtained for the films annealed at
500 and 550 °C at a wavelength of 900 nm, respectively.

Cyclic stability of the coloration of V,05 thin films annealed at
450, 500, and 550 °C was evaluated by switching between bleached
and colored states at a wavelength of 405 nm = 1 nm. Figure 8 shows
the switching behaviors of as-deposited and 450, 500, and 550 °C
annealed V,0s5 thin films. There was no significant transmittance
change (AT) between bleached and colored states for as-deposited
thin films as provided in Fig. 7a. On the other hand, AT was
observed around 17%, 15%, and 4% for thin films annealed at 450,
500, and 550 °C, respectively. The stability test lasted for 300 s over
25 switching cycles. The annealed thin films showed consistent
transmittance values, whereas AT of as-deposited thin films
decreased gradually. In addition, Table III shows the comparison
of important electrochromic parameters with those in literature. Our
results are comparable with the other studies.?*5%

Chronocoulometric (CC) and chronoamperometric (CA) measure-
ments were used to directly compare the charge efficiencies and
chronoamperometric behavior during the insertion and extraction of
lithium ions. Each electrode was first biased at +2.0 V vs a Ag/AgCl
reference electrode to remove the adsorbed Li* ions from the electrode
surface. The polarity was then switched immediately to —2.0V to
initiate lithium intercalation, then switched back to +2.0 V to observe
the deintercalation behavior. The change in both the charge and current
densities were collected and provided in Fig. 9. As can be seen from the
graphs, the 450 °C annealed sample showed the highest charge density
in the same time domain, further proving its higher diffusivity (Figs. 9a
—9c—9e). This case is further demonstrated in Fig S5a, where the CC
comparison of the 2™ cycle of intercalation and deintercalation is
provided. While the difference between 450 °C and 500 °C annealed
samples is smaller (which is consistent with the CV curves provided in
Fig. 6a), 550 °C annealed sample showed much small charge densities.
This can be attributed to the aforementioned degradation in the nanorod
morphology with the increase in annealing temperature. The
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Figure 7. Transmittance spectra for (a) as-deposited and (b) 450 °C, (c) 500 °C, and (d) 550 °C annealed V,Os thin films in colored and bleached states.



Journal of The Electrochemical Society, 2021 168 106511

45 45 45
(a) (b) (c)

g Nt < g A
Qo o Q
s [ [
£ £ £
£ 35 T 35 £ st
w w 0
c c c
e [ s
= 30H = 30 = 30}
B £ B

25 25} 25}

—450°C ——5600°C —550°C
20 i i i i L 20 1 i i i i 20 i i i i i
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (s) Time (s) Time (s)
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Figure 9. Chronocoulometric and chronoamperometric measurements for V,05 samples annealed at (a), (b) 450, (c), (d) 500, and (e), (f) 550 °C.

Table III. A comparison of electrochromic parameters in terms of transmittance change, switching cycle life and wavelength. (*: This work).

Material AT (%) Switching Cycle Life Wavelength (nm) References
V,05—450 17 over 25 cycles during 300 s 406 *
V,05—500 15 over 25 cycles during 300 s 405 *
V,05—550 4 over 25 cycles during 300 s 407 *

V,05 Nanowires 37 3 cycles for 200 s 415 22
V,05 Nanowires 36 200 cycles 400 86
V,05 Nanowire Array 45 300 s 700 87
V,0s-Liquid Crystal 25 100 cycles during 1200 s 450 88

reversibility of the films in terms of charge efficiency can be calculated
as the ratio of deintercalated charge (Qg;) to intercalated charge (Q;) in
the film as below:

Charge Efficiency = (Q,;/0;) X 100

Charge efficiencies were calculated by averaging the charge
densities of intercalation and deintercalation, and provided in

Table IV. V,0s film annealed at 450 °C showed the most promising
result as the charge efficiency was approximately 99% with the
highest intercalation and deintercalation charge densities reaching
67 mC.cm 2.

CA curves of the thin films annealed at 450, 500, and 550 °C are
also provided in Figs. 9b—9d-9f in tandem with the relevant CC
figures. While the 500 °C annealed sample showed the highest
deintercalation current densities, 450 °C annealed sample had
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Table IV. Comparison of chronocoulometric data in terms of intercalation and deintercalation charge density.

Annealing Temperature Intercalation Charge Density (mC.cm ™ 2)

Deintercalation Charge Density (mC.cm™?) Charge Efficiency (%)

450 °C 67.71 £ 1.45
500 °C 58.78 +2.94
550 °C 28.08 + 0.08

broader charging and discharging curves. This also indicated that the
accumulated charge densities during Li* insertion and extraction
were higher for the 450 °C (Fig. S5b) annealed sample. All of these
results support the transmittance changes provided in Fig. 7,
confirming that the higher charge density and efficiency for the
450 °C annealed sample compared to the others, in line with the
change in transmittance.

Following the electrochemical tests, thin-film electrodes were
assembled into asymmetric electrochromic cells to monitor their
cycling stability. Cyclic voltammograms of asymmetric electro-
chromic cells were obtained at a scan rate of 200mVs™' and
provided in Fig. 10. Cyclic performance of the cells up to 1000
cycles is also given in Fig. 10. For all samples in Figs. 10a—10c, it is
evident that the structure stabilizes and converges to a steady-state in
the first 100 cycles such that the area within the cyclic voltammo-
grams increases substantially up to 1000 cycles. The sample
annealed at 450 °C showed promising CV characteristics in 3-
electrode setup and showed the best performance and stability as can
be seen from Figs. 10a and 10d. Moreover, Li* extraction voltage is
lowered throughout the 1000 cycles as shown in Fig. 10a, which can
be attributed to an enhanced Li" extraction capability.”® This is
probably due to the higher porosity, unique crystal (Fig. 1),
vibrational (Fig. 2), electronic (Fig. 3) structure, and the finer
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67.12 + 1.44 99.12 + 0.08
57.05 £ 2.78 97.06 = 1.07
27.65 £ 0.13 95.75 £ 0.70

nanorod morphology (Fig. 4) of the sample annealed at 450 °C as
compared to the rest of the investigated samples. Continuous Li*
intercalation/deintercalation within the structure increased the sam-
ple’s activity through opening or activating new vanadium sites for
the reaction, thus enhancing the electrochemical process. Lower
intercalation voltage of the sample annealed at 450 °C compared to
other samples after 1000 cycles can be seen in Fig. 10d, supporting
this hypothesis.

Conclusions

In this work, homogeneous, crystalline, multichromic and single-
phase V,0s thin films were deposited using USD method onto FTO/
glass substrates. As-deposited films were amorphous, while films
annealed at 450 °C-550 °C showed the orthorhombic phase of V,Os.
Microstructural and morphological analyses revealed that the average
crystallite size of nanostructured films increased slightly from ~20 to
22 nm upon increasing the annealing temperature. The optical band gaps
of thin films were found to decrease from 2.69 to 2.58 eV with an
increase in the annealing temperature. Hall-effect measurements showed
that the deposited V,Os thin films were n-type. Upon annealing the
films, the carrier concentration was found to increase drastically, while
mobility decreased only slightly. Raman and XPS results indicated that
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Figure 10. Cyclic voltammograms of asymmetric electrochromic cells at a scan rate of 200 mV s~! for V,0s samples annealed at (a) 450, (b) 500, and

(c) 550 °C. (d) Cyclic voltammograms of the samples following 1000 cycles.



Journal of The Electrochemical Society, 2021 168 106511

the best performing film (obtained at an annealing temperature of 450 °
C) composed of predominantly V,Os domains with a vanadium
oxidation state of 45 in addition to the extremely small amount of
minority species with V* states revealing decavanadate (VoO,g) and/
or isolated mono-oxovanadate (VO,) surface functional groups. One of
the highest diffusivities to date with a charging efficiency of 99% was
reported. Homogeneous coloration with three different color states was
observed for a large area (15cm x 15cm) V,0s films upon electro-
chemical measurements. Electrochromic devices fabricated using
V,0s/FTO electrodes annealed at 450 °C were found to be highly
stable up to 1000 cycles. Our study clearly demonstrates that USD
method is an extremely versatile technique for the deposition of uniform,
reproducible, high quality, multichromic, and nanostructured V,Os thin
films over large areas using vanadium salt as a precursor solution.
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