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Abstract

WO; thin films were prepared by surfactant mediated spray pyrolysis deposition on fluorine-doped tin oxide (FTO) conductive glass using
hexadecylthymethylammonium bromide (HTAB) as structure-directing agent. The crystalline structure, topography, electrical conductivity and
optical properties were investigated as function of cationic surfactant concentration. High transparency and conductivity were obtained for the
sample which contained the lowest amount of surfactant (50 ppm) in the spraying solution. Significant changes in the morphology were observed
with increasing HTAB addition level; samples lost their homogeneity and porosity, while the layer roughness increased. The surfactant by-products
resulted after annealing were investigated based on FTIR analysis and a decomposition scheme was proposed. The modified surface composition

and morphology influenced the hydrophilic character of the samples.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mesoporous tungsten oxide (WO3) is the most promising
candidate for electrochromic [1] and gas sensing materials [2].
Literature contains many reports confirming that the optical and
the electrical properties of WOj5 are closely related to its level of
crystallization and to the surface morphology [3,4].

One of the major challenges in obtaining nanostructured
materials is to control the crystalline structure and morphology
of the films, tailoring polymorphism, porosity, grain size and
the grain boundaries.

WO; thin films have been synthesized by processes
involving physical transformation, here including physical
vapor deposition (PVD) [5], sputtering [6,7] and evaporation
[8,9], and also by using techniques based on chemical processes
occurring either in the gas phase such as chemical vapor
deposition (CVD) [10,11] or in solution including electro-
deposition [12], anodization [13], sol—gel deposition [14,15]
and spray pyrolysis.

Although physical methods have the advantage of excellent
control over the layer stoichiometry and interface, the wet
chemical routes offer better reproducibility and control in terms
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of crystallinity, thickness and porosity and flexibility in choosing
the type of substrate or precursor. Spray pyrolysis is a versatile
deposition method because apart all the above mentioned
advantages it allows the use of inexpensive precursor materials
and large-area coatings can be obtained by using low-cost
equipments with minimum energy consumption.

During the SPD process, a precursor solution is atomized
and resulting aerosols are sprayed toward a heated substrate.
Ideally the solvent evaporates completely close to the substrate
where the reactant molecules undergo chemical reaction which
leads to nucleation and layer growth.

For obtaining WOj thin films by SPD different precursor
solutions were prepared including aqueous solutions of
ammonium tungstate ((NH4),WO,) [16-19] and peroxotung-
state [20], WClg dissolved in N,N-dimethyl formamide [21] or
in a mixture of ethanol:water (50:50%) [22] and also
W(OC,Hs)g ethanolic solutions [23,24].

Deposition temperature and precursor solution concentra-
tion are the main technological parameters that influence the
nucleation and crystal growth processes and thus the deposition
rate, thickness and uniformity of the films synthesized by SPD.
The precursor type influences the solvent evaporation rate
within the aerosol droplets and the droplets speed up through
modification of superficial tension.

So, one way of controlling the nucleation and growth
processes is using surfactants which act as growth controlling
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agents, as well as agglomeration inhibitors. Ordered arrange-
ments of particulates directed by surfactant self-assemblies are
formed, followed by template removal by extraction or
calcinations. Because of their amphilic nature, the surfactant
molecules can form different types of aggregate structures in
the solution, such as spherical, cylindrical, cubic, hexagonal
and lamellar phases, therefore the morphology of the surfactant
template directly determines the pore structure of the
nanolayers.

Extensive research has been carried out on the template-
assisted production of WO; layers using cationic surfactants
such as hexadecylthymethylammonium bromide (HTAB)
[25,26], anionic surfactants including sodium dodecyl sulfate
(SDS) [4], as well as nonionic surfactants including poly(alk-
ylene oxide) triblock copolymers such as L62 and P123 [27,28],
lyotropic liquid crystals such as Brij 35 and Brij 56 [29,30] and
various biodegradable surfactants [31]. However when using
organic templates the structure can shrink and the crystal-
lographic order and layer homogeneity might be lost after
organic phase removal by calcination, damaging the optical and
the electrical properties of the layers.

In this paper we report for the first time the synthesis of WO;
thin layers by spray pyrolysis using as precursor an ethanolic
solution of WClg containing a cationic surfactant (hexade-
cylthymethylammonium bromide, HTAB) as structure direct-
ing agent.

The effect of the HTAB concentration on the structure and
morphology of the WOj3 layers and their correlation with the
electrical and optical properties were investigated, aiming to
develop novel solutions applicable in electrochromic windows.
The changes in the interface physical and chemical properties
of the WO; thin layers and their influence on the opto-
electronic response were investigated by correlating the
crystalline structure (XRD), composition (FTIR), surface
charge (contact angle measurement) and morphology (AFM)
with the values of the contact angle.

2. Layer preparation and characterization
2.1. Deposition parameters

The WO; thin layers were deposited onto electrical conducting
fluorine-doped tin oxide (FTO, Pilkington) using the spray
pyrolysis technique. The precursor solution was obtained by
dissolving 1.2 g WClg (99.9+%, Acr6s Organics) in ethanol
(C,H50H, 99.2%, P.A.M. Corporation S.R.L.) which contained
1 mL of acetyl acetone (99%, Alfa Aesar). Hexadecylthymethy-
lammonium bromide (HTAB—(C;¢H33)N(CH3);Br, 98%, Alfa
Aesar) was added to the previously obtained solution in different
concentrations: 50, 200, 500 and 1000 ppm. Samples were
denoted as WH50, WH200, WH500 and WH1000, respectively.
Clean 2.5cm x 2.5cm FTO substrates were obtained after
degreasing with pH neutral detergent, rinsed with deionized water
and ultrasonically cleaned in ethanol, followed by drying in
compressed air flow. During deposition, air was used as carrier gas
(P, = 1 bar) and the substrate temperature was maintained at
200 °C. The samples were annealed for 6 h, at 350 °C for

stabilizing the crystalline structure and to remove the surfactant
template.

2.2. Film characterization

The effect of the HTAB concentration on the crystal
structure and on the surface morphology was investigated using
X-ray diffraction (Advanced D8 Discover Bruker diffract-
ometer, Cuy,; radiation, A =0.15406 nm) and atomic force
microscopy (NT-MDT model NTGRA PRIMA EC, semicon-
tact mode with Si-tips, NSG10, force constant 0.15 N/m, tip
radius 10 nm). Variation in the semiconducting behavior was
studied by current—voltage measurements (Princeton Applied
Research VSP potentiostat/galvanostat). Transmittance spectra
of the WOj; samples with variable HTAB content were recorded
by UV-vis spectrometry (Perkin Elmer Lambda 25) and used
further in the calculation of the refractive index, absorption
coefficient, extinction coefficient and layer thickness.

The static contact angle () was measured by the sessile drop
method, at constant room temperature (20 °C) using the OCA-
20 Contact Angle-meter (DataPhysics Instruments). Two
testing liquids with different polarity and surface tension
(orv) were used: glycerol (07,€ = 63.40mN/m) and deio-
nized water (02%,¢ = 72.80mN/m). Contact angle measure-
ment is a Very' sensitive method to surface modifications,
however it does not provide information about the type of the
surface groups. Thus, the functional groups located at the
surface were investigated using a Spectrum BX FT-IR System
(Perkin Elmer).

3. Results and discussions
3.1. Critical micelle concentration evaluation

The critical micelle concentration (CMC) is influenced by a
number of factors including the nature of the surfactant,
temperature, solvent/dispersion medium and the ionic solutes
in the system. The properties of the aqueous solvents, such as
temperature, pH and ionic strength influence the micelle
formation, by this meaning their shape, size and stability.
Therefore, the critical micelle concentration (CMC) of HTAB
was investigated in water, ethanol and in ethanol with 100 ppm
of WClg powder and plots are presented in Fig. 1. Experiments
were carried out by adding different amounts of a stock
surfactant solution to a fixed volume of aqueous or alcoholic
solution, followed by intensive stirring and conductivity
measurements (Hanna HI 991300 conductometer) at 25 °C.

By modifying the surfactant concentration, the HTAB
electrical conductivity (Fig. 1) in aqueous or alcoholic media
presents two different regimes, corresponding to the behavior
above and below the surfactant’s critical micelle concentration.
The CMC of HTAB was calculated at the intersection of the
slopes corresponding to these two regimes.

The CMC of HTAB in aqueous media (293.72 ppm) is
in good agreement with the reported values [32-34]
confirming the reliability of the conductivity method. At
low concentrations, in bulk solution, surfactants mainly exist
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Fig. 1. Critical micelle concentration evaluation of HTAB in different media.

in monomer-like form. Above CMC the HTAB forms oil/
water (O/W) type micelles.

The micellization point of HTAB in ethanol media was
found to be much higher (1602.33 ppm) compared to water. Li
et al. [34] also reported that the CMC of HTAB increased with
increasing ethanol concentration in the mixed water—ethanol
system. They proved that HTAB tail groups interact much
stronger with ethanol comparing with water thus, the micelles
are more difficult to form in ethanol (at higher concentrations).
Ethanol may reduce the hydration of the micelle surface
through hydrogen bonding within the palisade layer (see
Scheme 1, ethanol section), increasing the electrostatic
repulsive forces between the ionic head groups because of
the increase in the charge density of micelle surface, preventing
the surfactant molecules to associate.

By adding 100 ppm of WClg, a slight decrease of the CMC is
registered (1176 ppm). It is well known that WClg dissolves in
ethanol by forming an ethoxy or ethoxy chloride complex
(Eq. (1)) through partial or total replacement of the C1™ anions
with ethoxy (C,HsO7). The micelle surface is positively
charged due to the trimethylammonium head groups of the

surfactant monomers (Scheme 1, ethanol-WClg section)
therefore, its properties are mainly affected by the salt anions.
Because ethanol increases the charge density at the micelle
surface, the C1™ binding is favored. So, adding WClg reduces
the electrostatic repulsion between the charged groups by
forming a Stern type layer at the micelle surface and favoring
the aggregation process. These effects were previously reported
by Jakubowska [33] who registered a decrease in the CMC
value after adding KCl to HTAB aqueous systems

WClg +xC,HsOH — WClg_,(OC,Hs), + xHCI (1)

Above CMC, surfactants can “trap” the precursor cation in the
micelle (external) layers and modify their reactivity; supple-
mentary, two effects are expected, related to (1) preventing the
particle agglomeration and (2) acting as structure directing
agent. Below CMC, the surfactant molecules are mainly dis-
solved and/or form a loose layer at the system’s surface but it is
also expected to group around the cation and change the
nucleation rate. Therefore, HTAB was added in concentration
lower (50, 200 and 500 ppm) and near (1000 ppm) the CMC in
the alcohol-WClg system. It is also to note that high amounts of
surfactant may leave traces of carbon, even after annealing,
altering the electrical properties of the film.

3.2. Structure, composition and morphology
characterization

3.2.1. Crystalline structure

The as-deposited layers were amorphous, therefore anneal-
ing was applied to all the samples. The XRD spectra of the
samples after annealing at 350 °C are presented in Fig. 2. The
diffraction analysis show that only WH50 sample contains
crystalline WOj3;, with peaks corresponding to a mixture of two
monoclinic phases according to JCPDS 87-2399 and JCPDS
83-0951. The spectra of the WH50 and WH200 samples also
display peaks due to the FTO crystalline substrate.

With increasing surfactant content in the precursor solution,
the peaks corresponding to crystalline WO5; gradually
disappear. For WH200 sample only peaks corresponding to

Scheme 1. Micelle dissolution of water, ethanol and ethanol-WCly.
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Fig. 2. XRD spectra of WH50, WH200, WH500 and WH100 samples after
annealing at 350 °C.

FTO and a fading peak at 26 ~ 55° corresponding to WO,
monoclinic JCPDS 83-0951 are observed, whereas for WH500
and WH100 samples no peaks are observed, not even from the
substrate, proving that a thick layer was developed probably
consisting of amorphous WOs;.

3.2.2. Fourier transform infra-red (FTIR) analysis

The FTIR spectra of the samples annealed at 350 °C and that
of HTAB in the 600-4000 cm ' range are presented in Fig. 3.
The representative bands for HTAB [35] are observed at 2846
and 2921 cm ™! corresponding to v,CH, and v,;CH, symmetric
and asymmetric stretching vibrations, respectively, and also at
1408, 1483, 1490 and 3015 cm ! corresponding to §;CHs,
8.sCHj3 and superimposed v;CH3 and v,;CHj vibrations of the —
N(CHj;); surfactant head groups.

The bands centered at 794 and 715 cm™' are specific for
crystalline WO;3; (m-phase), and correspond to the stretching
vibrations of the bridging oxygen and these are assigned to W—
O stretching (v), W-0O bending () and O—-W-0O deformation
(y) modes, respectively [36,37]. With increasing surfactant
content these bands are shifted to lower wave numbers (i.e. 783,
685 and 655 cm™'). Similar bands at 784 cm ™! and 655 cm ™!

|
w0
=]
=
_
=1
b=
=
2

F
1490 /

1483

Reflectance (arb. units)

2921

= oo
896 & 8 38
1000 1500 2000 2500 3000 3500 4000

Wave number fcm )

Fig. 3. FTIR spectra of HTAB and of WH50, WH200, WH500 and WH1000
samples.

were assigned to U(W-Oj,o—W) bridging stretch [4], and to
v(W-0-W) and vs(W-0-0) vibrations [38], respectively.

The band at 912 cm ™' in WH50 sample is assigned by us to
the v(O-0) vibration and is shifted to 925 cm™' in WH200
sample and to 896 cm ™' in WH500 and WH1000 samples. This
band has earlier been observed at 900 cm ' [39] and at
898 cm~' [40] by Deepa who allocated it to the mixed
contributions of the peroxo (v(0O-0)) and V(W-Ojpe,—W)
stretching vibrations of the bridging oxygen. The appearance of
the bands characteristic to peroxo complexes starting with
WH200 sample and the disappearance of the W=O vibration
characteristic peaks in m-WQOj; are related to the crystallinity
loss, as confirmed by XRD analysis. The shifts in the bands
wave numbers are attributed to the changes in the film structure
and composition, i.e. loss of the crystalline symmetry and
stoichiometry due to organic by-product contamination,
originating from the incomplete removal of the surfactant
after annealing.

Characteristic bands of N,N-dimethyl formamide (DMF) are
also identified in WH50, WH200, WH500 and WH1000
samples: a band at 1704 cm™' mainly related to v(C=0)
stretching mode, another at 1410 cm ™' which is assigned to the
scissoring §(N—CHj3) mode of the N(CH3), group, and a large
band between 1100 and 1300 cm™' v(C-H) corresponding to
the vibrations resulted from the in-phase combination of v(C-
N) stretching and §(C=0) bending vibration. The band at
1410 cm ™! is not so pronounced in WH50 sample but increases
in intensity with increasing surfactant content.

Based on these data, we propose the following mechanism
for the surfactant (HTAB) removal by calcination (Scheme 2):
firstly, trimethylamine [N(CH3);] is formed through Hofmann
elimination along with the corresponding alkene most probably
during deposition when the precursor solution reaches the

1 CH _
i . Br
L
H;€ —CH,);, —CH, —E—N—CHS
R
HTAB
i Hofmann elimination l
H;C —(CH,);3 —CH, —CH, N(CH);
alkene trymethylamine
chain
fragmentation oxydation
CxHy H;C —N —CH —0
CH;

N,N-dimethyl formamide

e g

COICO, + H,0 NO/NO,

Scheme 2. Proposed mechanism for HTAB decomposition.
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substrate heated at 200 °C. During annealing in air, N,N-
dimethyl formamide is formed by trimethylamine oxidation.
No bands are observed for the alkene probably because chain
fragmentation occurred and the hydrocarbon species (C,H,)
were decomposed to CO/CO, and H,O. The vibrations at 2340
and 2359 cm ™" are attributed to the P branch and the R branch
of the v, (O=C=0) antisymmetric stretching vibration,
respectively [39]. Bands related to carbon monoxide are
present also at 2011 cm™ ' and 2161 cm ™' corresponding to the
P branch and the R branch of the v(CO) stretching vibrations,
respectively [39]. The large band centered at c.a. 1580 cm ™' for
the WH500 sample and its intensification for WH1000 sample
was attributed by us to the superimposed v,;(N=0) asymmetric
and vy(N=0) symmetric stretching vibrations of NO or NO,,
confirming our mechanisms.

3.2.3. AFM analysis

As it can be seen from AFM images (Fig. 4), with increasing
the HTAB concentration, the morphology of the samples
becomes more flatten. Also, the average roughness, evaluated
with AFM software over a 5 um x 5 pm area and presented in
Table 1, shows an increase with the surfactant content.

A dense granular morphology with relatively uniform
distribution of grains characterizes the surface of the thin film in
the WHS50 sample. Grain boundaries possibly originate in those
regions earlier occupied by HTAB before its removal through
annealing and structural reorganization can be expected. We
believe that the addition of the surfactant lowered the solution
surface tension and increased the aerosol flow rate, and as s a
result smaller droplets and greater in number were obtained
which after reaching the substrate and the solvent was

evaporated, allowed the uniform distribution of nucleation
sites on the substrate thus explaining the homogenous growth of
the layer WHS50.

For the WH200 sample grains of irregular shape, sizes and
orientations are formed, randomly distributed on the surface.
No clear distinction between grains and grain boundaries can be
made and this feature is even more accentuated for WH500
sample. Homogeneity and most importantly the apparent
porosity of the layers prepared with higher concentration of
surfactant decreased significantly. At higher concentration of
HTAB in the spraying solution a high number of droplets is
directed toward the substrate with too much speed so droplets
splashing onto the substrate but also incomplete removal of the
solvent cause non-uniform distribution of nucleation sites on
the substrate and possibly large stable aggregate formation,
which along with the uneven evaporation of the solvent
produces rough non-uniform layers. Particle coalescence
through annealing can also be responsible for this irregular
morphology of the WH200 and WHS500 layers.

The AFM image of WH1000 sample reveals a nonporous
surface with cracks resulted during annealing probably caused
by thermal stress originating from uncontrolled evaporation/
decomposition of the solvent/surfactant molecules [41].

When adding a polymeric intermediate carrier gas pressure
and pause between spraying sequences are two parameters that
need to be carefully selected to allow solvent evaporation
before reaching the substrate and by-products to evaporate from
the film before the next layer is sprayed. For too small gaps
between spraying sequences the film remains contaminated
with solvent and surfactant by-products which accumulate in
the profundity of the film with each spraying sequence having

Fig. 4. AFM 3D topographies (5 pm x 5 pm) of the WHS0 (a), WH200 (b), WHS00 (c) and WH1000 (d) samples.
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Table 1
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Average roughness, layer thickness, average refractive index, packing density and band gap values of the samples.

Sample Average roughness (nm)  Average refractive index (7) A, Ao Layer thickness, d (nm)  Packing density (P)  Band gap, E, (eV)
WHS50 7.88 1.7013 479 615 63597 0.6082 2.67
WH200 8.21 1.7015 470 620  569.41 0.6084 2.74
WHS500 12.80 1.7017 468 616  570.85 0.6085 2.72
WHI1000  36.21 1.7019 465 613 56391 0.6086 2.82

consequences on the film transparency and conductivity. Not
even the applied thermal treatment, i.e. annealing temperature
350 °C and annealing time 6 h, was not enough for by-product
elimination and crystallization of the layers as shown by XRD
spectra.

These data support the assumption of a beneficial effect of
the very low surfactant concentrations, while at concentrations
close to CMC large stable aggregate are likely to form within
the precursor system, with a very slow nucleation, explaining
the high roughness values. The effect of low HTAB
concentration is mostly related to the surface tension in the
aerosol droplets, decreasing their average radius, and promot-
ing nucleation on the substrate from very small islands,
resulting in thin dense films.

3.3. Electrical and optical properties

The current—voltage measurements were done using a gold
contact on the substrate (FTO), for applying voltage, and
another placed on the WO; layer to register the current
intensity. Thus, a Schottky contact was formed between the
gold contacts and the WO; layer.

All the samples exhibit p-type semiconducting behavior
(Fig. 5), with sample WH50 showing the highest forward
conductivity (Fig. 5, inset). A metal/p-type semiconductor
junction is rectifying when the work function of the
semiconductor is higher compared to metal [42], condition
which is complied by our WOj3 semiconducting layers (4.3—
4.9 eV and 5.10 eV for WO; and Au, respectively [43]).

The n- to p-type inversion in WOj is likely to occur for
highly porous layers which have high concentration of oxygen

—\WH200 —
—WH500 0.0002 ‘é
— \WH1000 = zf
-1.0 : 0.5 1.0
-0.0002- EeM g m
| 05 10
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Fig. 5. I-V curves of samples as function of surfactant content.

vacancies, when thermally treated in highly oxidizing atmo-
sphere. During annealing the majority of oxygen vacancies are
reduced generating positive holes (Eq. (2)); another possibility
is that the oxygen atoms adsorb at the surface of WO; and yield
a tungsten vacancy and six positive holes (Eq. (3)), supporting
even more p-type conductivity.

1
Vo™ 450, — Og + 2h° 2)
1

E02—>V$5 + 0¥ +6h* 3)

The decrease in conductivity with increasing HTAB content in
the spraying solution indicates that the annealing treatment did
not completely remove the surfactant, leaving nonconducting
amorphous species in the film, as confirmed by FTIR and XRD
spectra. Also, looking at the AFM images (Fig. 4) we can see
that the porosity of the surface layer decreases so we expect to
have the lowest concentration of oxygen vacancies on the
surface of the WH1000 sample, explaining the poor forward
conductivity of this layer.

Considering that the use of WOj; thin films targets mainly
electrochromic applications, the optical properties were
investigated. The optical transmittance of the samples for a
wavelength range of 300-900 nm is presented in Fig. 6. The
oscillations in the transmittance spectra are caused by optical
interference arising from the difference between the refractive
index of the WO; films and the substrate and also the
interference of the multiple reflections of the film and substrate
surfaces [44].

80
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Fig. 6. Transmittance spectra of samples as function of surfactant (HTAB)
content.
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According to the envelope method elaborated by Swanepoel
[45,46] the refractive index of a homogenous film can be
calculated from transmission spectra in the medium and low
absorbing region by using the interference fringes with the
following formula (Eq. (4)):

1/2
n=M+ M —s)" (4)
where M is
Ty —Tn (s*+1)
M=2 5
ST, T, 2 ©)

T,, and T, are the maximum and minimum transmission values
at a particular wavelength and s is the refractive index of the
substrate (1.7). The average refractive index (i7) was calculated
for the 430-900 wavelength range.

Using the refractive indices n; and n, of two adjacent
maxima or minima calculated with the method described
above, which correspond to the wavelengths A, and X,, the
thickness of the film (d) is calculated from the relation (6).

Ao

d=———"7"—" 6
2()\1}’12 — Aznl) ( )

Knowing the layer thickness (d) the absorption coefficient «
and the extinction coefficient k can be obtained by the following

a
s T5%10%H
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Fig. 7. Variations of the (a) absorption coefficient, a, and (b) extinction
coefficient, k, with wavelength for WOj; thin films.

formulae:
1
o= (3) In(X), (7
ar
k=— 8
e 3
where

(n=1)(s = m)[1 + (Tas/Tw)"’]

X = Yot
(n+ (s +n)[1 = (Tu/Tw)""]

€))

The relative density is defined as the ratio of the densities of the
film to that of the bulk. The packing density was calculated
using the Lorentz—Lorentz formula (Eq. (10)) and the bulk
refractive index of WO5 at 550 nm is 2.5 [47]:

S+ 1D)n*-1
P= Es2+1§En2+1§ (10)

The average refractive index (7) values, layer thicknesses and
packing density of the samples are reported in Table 1. The
variation of the absorption coefficient and extinction coefficient
in the 430-900 nm wavelength range are presented in Fig. 7a
and b, respectively.

The few and reduced amplitude interference fringes in the
spectra reveal that all the WO; layers are not quite optically
smooth surfaces [48]. The sharp slope in the transmittance
spectra corresponds to the fundamental absorption edge of
WOj; and is blue shifted with increasing HTAB concentration
up to the sample WH1000 when a red shift can be observed.

Transparency of the films decreases with increasing
surfactant content, although layer thickness slightly decreases
(Table 1), which could be attributed to the rising average
roughness of the layers. High surface roughness values will
increase surface optical scattering and optical loss [49,50]
which explains the increasing values of the absorption and
extinction coefficient. So, although layer WH1000 has the
lowest thickness, absorption coefficient and extinction coeffi-
cient, it has the lowest transmission level because of the
increased roughness (36.21 nm). Also the traces of by-products
coming from surfactant decomposition might have a scattering
effect because of the multiphase character of the surface. The
values of the layer thickness, along with the results in the XRD
and FTIR spectra support the assumption that a thick layer was
formed for high concentration of HTAB which mainly consists
of amorphous species. The WHS50 layer has the highest
transmittance, over 70%, as it is characterized by the lowest
roughness (7.88 nm). These values fit well with the targeted
applications.

As it can be seen from Table 1, the different compositions of
the spraying solution do not induce significant changes in the
mean refractive index. This confirms that the changes in the
surface morphology showed by the AFM measurements are
only in the superficial layer whereas the films packing density
remains unchanged (Table 1).
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Table 2
Results of contact angle measurement.

Sample Contact angle 6 (°) Surface energy, Dispersion component, Polar component, Surface polarity, x*
N/ o (mN/ 0" (mN/
Water Glycerol os (mN/m) (mN/m) (mN/m)
WH50 63.26 80.88 59.35 0.21 59.14 0.99
WH200 42.96 79.69 124.00 8.59 115.42 0.93
WHS500 49.46 75.40 87.33 1.67 85.66 0.98
WH1000 77.09 78.54 27.88 4.79 23.09 0.82

Using the transmittance spectra, the band gap was also
evaluated using the relation:

ahv = A(hv — E,)" (11)

where A is a constant, /v is the incident photon energy, E, is the
optical energy band gap, and « is the absorption coefficient. The
exponent value was considered n =2, as WOj3 is an indirect
band gap semiconductor.

Band gap values of the samples are presented in Table 1. The
increase in the band gap values can be associated with the
decrease in the crystalline degree [51].

3.4. Contact angle measurements

The surface energy of the films is important considering the
multi-layered applications involving the WOj3; thin layers and
other possible applications in polar solvents.

The 6 values recorded at the initial moment of the drop-film
contact for water and glycerol are presented in Table 2. The
contact angle depends on the relative surface free energy of
the solid-liquid, solid—vapor, and liquid—vapor interfaces. The
relation between interfacial interactions is described by
Young’s equation (12).

O’Sdes—ULCOS(Q) (12)

According to Owens—Wendt—Rabel and Kaelble method [52]
one can separate the surface energies og and o, into two
interaction components: the dispersive part ¢ representing
the van der Waals interaction and the polar part o* representing
interactions between permanent dipoles and/or between per-
manent and induced dipoles. Surface free energies (os;) and
their dispersive () and polar (") components were calculated
by subtracting the geometric mean of both polar and dispersive
contributions according to the Owens—Wendt—Rabel and Kael-
ble relationship:

(1+4cosb) -or of I
VYL

where 0P and o} represent the dispersive and polar parts of

the liquid, o and 0% represent the respective contributions of
the solid and 6 is the contact angle of testing liquid.

Surface polarity (x*) was calculated from the surface energy
and its polar component using the following relation [53]:

== (14)

The data in Table 2 summarizes the calculated surface energy of
the samples with their dispersive and polar components and the
surface polarity.

No significant changes are observed in the contact angles
with glycerol, which has lower polarity, suggesting that WO3
surface has predominantly ionic groups. It is well known that
metal oxides exposed to the ambient environment adsorb water
molecules, resulting in chemically equivalent metal hydroxyl
groups (M—OH), explaining the hydrophilic character of WH50
sample. The higher surface OH density the higher the water
contact angle is observed [54]. As the surfactant content
increases part of the OH groups occupying the surface sites of
the WOj; layer are replaced by organic polar intermediaries
originating from the surfactant decomposition, such as N,N-
dimethyl formamide, as confirmed by FTIR spectra, becoming
increasingly hydrophilic. A strong influence of the by-products
resulted from the precursor thermal degradation on the surface
polarity and thus on the water contact angle has been previously
demonstrated in our group [55]. The WH200 sample has the
lowest contact angle with water (the highest ionic degree), the
highest surface energy and polar component, and consequently
the highest wettability. This could be an important feature when
targeting further applications as photo-catalysis. So we could
relate the changes in morphology with the uptake of water from
atmosphere during cooling of the samples, process which is
favored by the presence of polar intermediates at the surface,
such as N,N-dimethyl formamide (Scheme 2), which increase
the hydrophilic character of the layers. The film deposited from
micelles (WH1000) is much more inert, proving that surface
roughness is less important comparing to the (very) small pores
when predicting the physical and chemical interactions with
water.

4. Conclusions

Tungsten oxide layers were obtained by spray pyrolysis of a
precursor solution containing HTAB as structure directing
agent in different concentrations (50, 200, 500 and 1000 ppm),
selected considering the surfactant CMC in the WClg—ethanol
system. Crystalline WO; with monoclinic structure was
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obtained for the sample with the lowest content of surfactant
(WH50, 50 ppm HTAB) after annealing at 350 °C, whereas
predominant amorphous structures were obtained for the other
three samples. The highest transparency and conductivity were
obtained for the crystalline WH50 sample which is character-
ized by a relatively uniform surface with reduced roughness.

Significant changes in the morphology are observed for the
samples containing higher amounts of surfactant, ranging from
a grain-like uniform morphology (WH50) to a rough flatten
structure (WH1000). If added in high concentrations, surfac-
tants can hinder crystal growth and possibly generate
amorphous species within the structure which decrease the
electrical conductivity.

The sample obtained using 50 ppm HTAB has optimal
transmission properties in the visible part of the solar spectrum
and convenient electrical conductivity, making it suitable for
electrochromic windows applications.
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