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Abstract: Vanadium pentoxide coatings were grown by atmospheric pressure chemical vapor
deposition varying the gas precursor ratio (vanadium (IV) chloride:water) and the substrate
temperature. All samples were characterized by X-ray diffraction, Raman spectroscopy, scanning
electron microscopy, cyclic voltammetry, and transmittance measurements. The water flow rate was
found to affect the crystallinity and the morphological characteristics of vanadium pentoxide. Dense
stacks of long grains of crystalline oxide are formed at the highest amount of water utilized for a
substrate temperature of 450 ◦C. Accordingly, it was indicated that for higher temperatures and a
constant gas precursor ratio of 1:7, the surface morphology becomes flattened, and columnar grains
of uniform size and shape are indicated, keeping the high crystalline quality of the material. Hence,
it was possible to define a frame of operating parameters wherein single-phase vanadium pentoxide
may be reliably expected, including a gas precursor ratio of 1:7 with a substrate temperature of
>450 ◦C. The as-grown vanadium pentoxide at 550 ◦C for a gas precursor ratio of 1:7 presented
the best electrochemical performance, including a diffusion coefficient of 9.19 × 10−11 cm2·s−1,
a charge density of 3.1 mC·cm−2, and a coloration efficiency of 336 cm2·C−1. One may then say
that this route can be important for the growth of large-scale electrodes with good performance for
electrochromic devices.

Keywords: atmospheric pressure chemical vapor deposition (APCVD); vanadium pentoxide;
electroactive material

1. Introduction

A lot of attention is given to materials that can be used in “smart windows”. Responsive materials
can regulate a more comfortable living environment, while saving energy usually consumed for
appropriate lighting or air conditioning [1]. A typical example is the electrochromic device, which
shows reversible optical changes in response to an applied voltage. One of the most studied cathodes
for electrochromic devices is vanadium pentoxide (V2O5) [2–5]. A foreign atom such as Li+ can be
intercalated or deintercalated from its lattice, switching reversibly from a bleached to a colored state
through the following reaction [6]:

(bleached) V2O5 + xLi+ + xe− <=> LixV2O5 (colored)

V2O5 is the only oxide that can show both anodic and cathodic coloration [7]. The reversible Li+

intercalation/deintercalation processes of V2O5 lead to both reversible optical and multicolor changes
for aesthetics in the voltage range ±1 V [8–10].

Electrochromic V2O5 coatings have been prepared by electrodeposition [11,12], “Doctor Blade” [13],
reactive sputtering [14], polyol process [15], sol–gel [16], and hydrothermal growth [17]. Strategies
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based on solution can hardly be up-scaled, due to the long reaction period, toxic reducing agents, and
large amount of solvent required. Additionally, methods such as sputtering are not compatible with
on-line manufacture. Hence, a low-cost, simple, and easily integrated into float-glass production lines
technique is required.

As with many coatings, chemical vapor deposition (CVD) routes are more attractive for the
production of vanadium oxides on glass than other conventional techniques, since the stoichiometry
and the morphology of the coatings can be simply controlled by tuning the vapor flows in the coating
zone [18,19]. In addition, the simplicity of CVD—particularly when performed at atmospheric pressure
(APCVD)—makes such a process compatible with on-line glass manufacturing processes. Nevertheless,
there are very few reports related to APCVD electrochromic V2O5 [18].

The aim of this work is to define a frame of APCVD operating parameters wherein single-phase
V2O5 may be reliably expected to form. Additionally, a correlation of the morphological characteristics
with the corresponding electrochemical/electrochromic performance of the coatings is highlighted,
which is important for the understanding and the enhancement of Li+ intercalation into the vanadium
oxide matrix.

2. Materials and Methods

The APCVD reactor used in this work is an in-house design, and consists of a cold-wall reactor
connected to an arrangement of stainless-steel heated pipes, valves, and bubblers, as shown in
Figure 1 [18]. Bubbler 1 was used for the vanadium (IV) chloride, VCl4 (Aldrich, Munich, Germany,
99%), and bubbler 2 for the deionised H2O. The carrier gas was N2, which was passed through the
apparatus during all operations of the reactor. During the growth, two series of experiments were
performed varying the precursor ratio of VCl4:H2O (1:1, 1:2, 1:3, 1:5, and 1:7) at 450 ◦C and the
substrate temperature (500 and 550 ◦C) for constant ratio of VCl4:H2O, 1:7. The deposition time was
2 min. The substrates used during the APCVD experiments were commercial fluorine-doped SnO2

(FTO)-precoated glass substrates (Pilkington, Manchester, UK), all of dimensions 2 cm × 2 cm × 0.3 cm.
Prior to coating, all substrates were cleaned with H2O and detergent, rinsed thoroughly with H2O and
deionised H2O, and allowed to dry.
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Figure 1. A schematic presentation of the atmospheric pressure chemical vapor deposition
(APCVD) reactor.

X-ray diffraction (XRD) measurements were carried out in a Siemens D5000 Diffractometer
(SCIMED, Manchester, UK) for 2-θ = 10.00◦–60.00◦, step-size = 0.02◦, and step time = 30 s/◦. Raman
measurements were performed with a Nicolet Almega XR micro-Raman system (CRAIC, Hertfordshire,
UK) operating at wavenumber range of 100–1100 cm−1 using a 473 nm laser. Scanning electron
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microscopy (SEM) was utilized for the morphology observation of the as-grown coatings through
a Jeol JSM-6390LV electron microscope (JEOL, Freising, Germany). For the SEM characterization,
all samples were over-coated with a thin film of gold to make them more conductive.
UV-Vis transmittance spectra were obtained using a Perkin Elmer Lambda 950 spectrometer over
the wavelength range of 300–1100 nm. Finally, cyclic voltammetry experiments were performed
using an electrochemical cell with a tri-electrode configuration and a computer-controlled AUTOLAB
potentiostat/galvanostat [19–23]. Vanadium oxide-coated glass substrates acted as the working
electrode biased in the range between −1 and +1 V. Ag/AgCl and a Pt foil were employed as
the reference and the counter electrode, respectively. Additionally, cyclic voltammograms were
obtained at scan rates of 2, 5, 10, 20, 30, 40, 50, 75, 100, 150, and 200 mV·s−1. To study Li+

intercalation/deintercalation process with respect to time, chronoamperometry for a step of 200 s was
carried out at −1 and +1 V. In all cases, the electrolyte was 1 M, LiClO4/polypropylene carbonate.

Finally, the coating’s thickness was estimated using a profilometer A-step TENCOR (KLA Tencor,
Dublin, Ireland) by etching the vanadium oxide coatings off the FTO glass substrate in 1:3 H2O2

(30%):HCl. FTO remained intact, and the thickness was deduced from the measured step height.

3. Results and Discussion

The coatings produced in the APCVD reaction of VCl4 and deionised H2O were yellow,
adhesive, and they passed the Scotch tape test. Additionally, they had similar properties
(structural, morphological, optical, and electrochemical) after approximately six months, indicating
their stability with time.

3.1. Structure

Figure 2 shows a representative XRD pattern of the as-grown APCVD coatings. It exhibits
characteristic 2-θ values of 13.5◦, 20.5◦, 26.6◦, 30.3◦, 41.2◦, and 54.8◦ with respective Miller indices
(200), (001), (110), (301), (002), and (021), which are consistent with crystalline V2O5 [24].
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Figure 2. XRD pattern of as-grown vanadium oxide thin films by APCVD on fluorine-doped SnO2

(FTO) glass substrates at 450 ◦C, using gas precursor ratio of 1:3.

Figure 3 displays the Raman spectra of V2O5 coatings deposited on FTO glass substrates for gas
precursor ratio of VCl4:H2O 1:7 at 450, 500, and 550 ◦C. The peak positions agree with the literature
spectra to within ±2 cm−1. The high-frequency Raman peak at 995 cm−1 corresponds to the terminal
oxygen (V=O) stretching mode, which results from unshared oxygen [25]. Peaks at 530 and 705 cm−1

are attributed to stretching modes of the V–O–V bridging bonds, with the bending motions of these
bonds assigned to 486 cm−1 [26]. Peaks located at 283 and 406 cm−1 are assigned to the bending
vibrations of V=O bonds [27]. Two more low-frequency Raman peaks at 145 and 197 cm−1 can also be
distinguished, which correspond to the lattice vibrations [28].
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Such outcomes suggest that by manipulating the substrate temperature, one can synthesize V2O5

with some oxygen deficiency. This happens because the high temperature (>450 ◦C) enhances the
surface mobility and the crystallization due to highly reactive atomic and anionic oxygen, which
can act as crystallization agents towards the composition of V2O5 [29]. Additionally, XRD analysis
gave no indication of oxygen deficiency, but Raman study revealed the presence of additional peaks
along with those of V2O5 at the lowest substrate temperature. This is due to the sensitivity of
Raman spectroscopy to short-range vibrational modes of bond configurations, while XRD responds
to long-range order crystallinity of materials [30]. Hence, the observed behavior suggests that the
samples are mainly V2O5 retaining, however, a short-range oxygen deficiency that degrades as the
substrate temperature increases.
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Figure 3. Raman spectra of as-grown vanadium oxide films by APCVD for a deposition time of 2 min
and gas precursor ratio of VCl4:H2O of 1:7 at 450, 500, and 550 ◦C.

From the above, it is possible to define a frame of APCVD operating parameters wherein
single-phase V2O5 may be reliably expected to form: these conditions involve a precursor ratio equal
to 1:7, with a substrate temperature of >450 ◦C. This observation contradicts previous studies [31] due
to the different designs of APCVD reactors utilized, the size of the substrates, the total gas flow rates
(on the order of 1.5 L·min−1 in previous work [31], while in the present study it was 12 L·min−1), and
the precursor delivery systems employed. These parameters are expected to directly influence the
nature and extent of the reaction between the precursors.

3.2. Morphology

SEM images of vanadium oxide coatings deposited at 450 ◦C for gas precursor ratios of VCl4:H2O
being 1:1, 1:5, and 1:7 are shown in Figure 4. As the gas precursor ratio increases to 1:7, dense stacks of
long grains are formed. This behavior may originate from the mobility of species on the developing
coating surface promoted by the increased H2O ratio.
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As the growth temperature increases from 450 to 550 ◦C (Figure 5), surface diffusion is activated,
the surface morphology becomes flattened, and columnar grains of uniform size and shape are formed.
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The growth rate of the as-grown coatings was estimated from the deposition time and the coating’s
thickness as derived from the profilometer. The highest value was 80 nm·min−1 for the deposited
V2O5 at 550 ◦C. As the substrate temperature decreased to 450 ◦C, the growth rate was calculated
to be 35 nm·min−1. A proportional relationship was also seen between the amount of H2O and the
growth rate, having a maximum value of 72 nm·min−1 for the excess amount of H2O introduced into
the reactor (the growth rate was 15 nm·min−1 for the lowest amount of H2O).

Considering these outcomes and the surface morphology of the samples, it may be suggested that
either a film decomposition [32] or precursor pre-reaction with the oxygen source [33] takes place to
some extent, such that the concentration of the precursor is depleted before it reaches the substrate.
Since film decomposition does not occur, it is suggested that a depletion of the gas phase concentration
of VCl4 with the corresponding reduction in growth rate occurs.

3.3. Electrochemical Performance

3.3.1. Cyclic Voltammetry

The effect of substrate temperature for a constant gas precursor ratio VCl4:H2O of 1:7 on the
electrochemical performance of the as-grown coatings was evaluated by cyclic voltammetry, as
indicated in Figure 6. The potential range was −1 to +1 V at a scan rate of 10 mV·s−1. All curves were
normalized to the area of the working electrode, resulting in units of A·cm−2. It can be observed that
they all consist of four redox peaks centered at −0.19 V/+0.35 V and −0.71 V/−0.05 V (vs. Ag/AgCl),
which can be assigned to the reversible Li+ intercalation/deintercalation reaction. Initially, the coatings
had a yellow color when they were cathodically polarized in LiClO4, which became green and then
blue with increasing cathodic potential. Then, the blue layers turned yellow again when anodically
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polarized. Additionally, it becomes evident from Figure 6 that the current density of the as-grown
coating at 550 ◦C is the highest of all, presenting an enhanced electrochemical activity. One may then
suggest that the amount of incorporated charge is enhanced by the increased crystalline quality and
the visibly empty space between the columnar grains rather than those left by the stacks of long grains
at lower temperature. Regarding the as-grown coatings at 450 ◦C for gas precursor ratios of VCl4:H2O
being 1:1, 1:2, 1:3, and 1:5, the current density was four degrees of magnitude (maximum current
density of 0.000001 mA·cm−2) lower than the one for 1:7, due to the immediate detachment of the
oxide by the electrolyte (the working electrode was optically the same with the substrate prior to
deposition). Since the electrochemical cell is made up of glass, these changes could be observed during
the electrochemical measurements.

The maximum current density obtained for the as-grown coating at 550 ◦C (Figure 6) was lower
than the colloidal crystal-assisted electrodeposited amorphous three-dimensional ordered macroporous
(0.5 mA·cm−2 [4]), sol–gel (0.6 mA·cm−2 [16]), aerosol-assisted CVD (1.5 mA·cm−2 [34]) V2O5, and
was comparable with APCVD (0.01 mA·cm−2 [18]) and hydrothermal growth (0.05 mA·cm−2 [17]) of
V2O5. This value was also lower than the one obtained from the vacuum deposited (0.6 mA·cm−2 [35])
tungsten trioxide (WO3), and comparable with APCVD (0.02 mA·cm−2 [36]), evaporation-induced
self-assembly (0.06 mA·cm−2 [37]), low-pressure CVD (0.08 mA·cm−2 [38]), and hydrothermal
(0.04 mA·cm−2 [39]) growth WO3. Overall, this APCVD route is advantageous, since it produces
higher current density compared with growth techniques which require longer reaction periods and
higher substrate temperatures. On the other hand, for the cases where the current density is higher
than the one reported in this work, templates and more complicated equipment are required, restricting
their compatibility for large-scale manufacturing.
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Figure 6 shows the dependence of the anodic peak current density on the square route of the
scan rate, indicating a diffusion-controlled process. The diffusion coefficient of Li+ can be obtained
according to the following equations [40]:

Ip = D1/22.72 × 105n3/2 ACν1/2 (1)
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D1/2 =
a

2.72 × 105n3/2 AC
(2)

where n is the number of electrons, Ip is the peak current (A), D is the diffusion coefficient (cm2·s−1),
A is the area (cm2), C is the concentration of Li+ (mol·cm−3), and a is the slope obtained in
Figure 6. As is expected, the Li+ diffusion coefficient of the as-grown V2O5 at 550 ◦C is the highest
(9.19 × 10−11 cm2·s−1), which is in accordance with the above discussion. Additionally, it is well
known that the Li+ intercalation/deintercalation response is dependent on the diffusion coefficient of
the species; consequently, a large diffusion coefficient will result in a fast response [40]. The diffusion
coefficient of APCVD V2O5 estimated in this work is higher than V2O5 grown by atomic layer CVD [41],
solution process [42], spin-coating [43], and pulsed spray pyrolysis [44], strengthening the growth of
large area electrodes by APCVD with good electrochemical performance.

3.3.2. Chronoamperometry

To calculate the amount of Li+ interchanged between the V2O5 and the electrolyte,
chronoamperometric measurements were performed, switching the potential between −1 V and
+1 V at an interval of 200 s for a total period of 2000 s, as indicated in Figure 7. It is observed that
the intercalated is lower than the deintercalated charge, indicating that Li+ remains in the material.
The deintercalated charge density was estimated to be 3.1 mC·cm−2 for the as-grown V2O5 by APCVD
at 550 ◦C (Figure 7), which is the highest of all due to the larger volume of active material available
(i.e., highest thickness estimated).
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3.3.3. Ex-Situ Transmittance Measurements

The electrochromic response of the APCVD V2O5 at 550 ◦C was tested by performing
transmittance measurements in the visible range and comparing the normally oxidized state at +1 V
with the reduced state at −1 V, imposed by the Li+ intercalated charge as indicated in Figure 8. It is
observed that the transmittance is reduced upon cation insertion (colored state) compared to the
bleached state. The contrast ratio between the two is significant, reaching a value of approximately
11 at 630 nm. Additionally, a parameter used to evaluate an electrochromic material is its coloration
efficiency (CE), defined as the change in optical density (∆OD) per unit inserted charge density ∆Q
(see Equation 3 [45]),

CE =
∆OD
∆Q

(3)

The CE was found to be 336 cm2·C−1 at 630 nm, which is one of the highest values reported if one
compares it with the electrodeposited V2O5 (28 cm2·C−1 [11]), the evaporation-induced self-assembly
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crystalline mesoporous WO3 (40 cm2·C−1 [37]), the APCVD (≈83 cm2·C−1 [38]), and the vacuum
deposition method of WO3 (28 cm2·C−1 [35]).
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4. Conclusions

V2O5 coatings were grown by APCVD, varying the gas precursor ratio of VCl4:H2O and the
substrate temperature. From XRD and Raman spectroscopy, it was found that the samples are mainly
V2O5, retaining, however, a short-range oxygen deficiency that degrades as the substrate temperature
increases. As the amount of oxygen source introduced into the reactor increases to the maximum
value, dense stacks of long grains are formed. On the contrary, the increase of substrate temperature
results in surface diffusion activation, and columnar grains of uniform size and shape are formed.
It was shown that the electrochemical properties of the as-grown coatings are correlated with the
crystalline quality of V2O5, and consequently, the morphological characteristics of the samples. From
the basic characterization obtained, it was possible to define a frame of APCVD operating parameters
wherein single-phase V2O5 may be reliably expected to form: these conditions involve a precursor
ratio equal to 1:7, with a substrate temperature of >450 ◦C. Crystalline V2O5 grown at 550 ◦C for a
ratio VCl4:H2O of 1:7 consisting of empty space between the columnar grains was found to exhibit
improved electrochemical/electrochromic performance. The diffusion coefficient was estimated to
be 9.19 × 10−11 cm2·s−1, and the charge density was 3.1 mC·cm−2, with a coloration efficiency of
336 cm2·C−1.
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