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Abstract: The polyacrylic acid/tungsten oxide (PAA/WO,)
composite films with good electrochromic properties have
been prepared by a layer-by-layer method. The porous PAA
layers were used as a template for the deposition of WO,,
and finally, the composite film showed a network struc-
ture with high porosity. The electrochromic performance
of the PAA/WO, composite film was investigated by means
of cyclic voltammogram (CV), chronoamperometry (CA),
and transmittance measurements. The PAA/WO3 film also
exhibited a remarkable electrochromism ability with the
reversible color change from transparent colorless to dark
blue and the transmittance change from 83% to 24% at 620
nm. This research provided a cost-effective approach for
the preparation of PAA/WO, composite films with control-
lable microstructure and good electrochromic property.
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1 Introduction

Tungsten oxide (WO,) has been extensively investigated
for a series of applications [1, 2], such as smart window
[3], alphanumeric display [4], variable-reflectance mirrors
[5], camouflage materials [6], energy storage [7, 8], etc.
W ions of WO, exhibit different oxidation states, and the
intervalence electron transfer from W (V) to W (VI) states
produces a broad absorption. Thus, WO, particles display
a color change from transparency to blue when they were
affected by a number of small cations: H*, Li*, K* insert-
ing into the oxide matrix [9]. Owing to the intense and
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stable electrochromic property, the WO, films have been
produced by a number of different deposition techniques
including thermal evaporation in vacuum [10], electro-
chemical oxidation of tungsten metal [11], chemical vapor
depositions (CVD) [12], sol-gel methods [13], and RF sput-
tering [14].

However, the electrochromic performance of WO, is
still not good enough for practical applications because of
bad adhesion, short cycle life, and degradation. Various
methods have been employed to improve the electrochro-
mic properties of oxide-based materials by controlling
the composition or the microstructure of the films. For
example, Pang et al. [15] prepared Ag/WO, composite films
by cathodic electrodeposition of WO, onto the surface of
Ag films, which have a substantial enhancement in the
electroactive and electrochromic performance. Lin et al.
[16] made TiO,/WO, thin films with good reversible elec-
trochromic behavior and improved electrochromic prop-
erties by a spin-coating method. Polymers, such as poly
(3,4-ethylenedioxythiophene) and poly(styrenesulfonate)
[17] were also used to prepare WO,/polymer hybrid films.
The enhanced coloring efficiency and larger electrochemi-
cal activity of the hybrid films were concerned with the
porous surface morphology of the composite films.

In order to control the microstructure of the films,
several structure-guide reagents were used during the
preparation of WO, films. Badilescu successfully prepared
porous nano-structured WO, thin films with the aid of
polystyrene microspheres [18]. Yuan et al. reported that
mesoporous tungsten oxide films were prepared with a
new nonionic gemini surfactant structure-directing agent
[19]. The mesostructured WO, films have large specific
surface area and exhibit high electrochromic performance.

Though these attempts have been made to improve the
electrochromic properties of WO,, some problems remain
to be resolved. The techniques for preparation of compos-
ite films are comparatively complicated, and the materi-
als are expensive, which is a real hindrance for large-scale
production and application. Therefore, it is necessary to
find a simple process to prepare porous composite films.

Polyacrylic acid (PAA) is a normal polyelectrolyte,
which is easy to make porous film with good elasticity and
flexibility [20]. In this paper, it is demonstrated how the


mailto:xuna-7@163.com

566 —— N.Xuetal.: Preparation PAA/WO, composite film

PAA/WO, composite film is formed with a homogeneous
hybrid structure in which the PAA provides a porous matrix
for the electrochromic tungsten oxide films. The tungsten
oxide films are prepared as normal sol-gel method, and
the PAA/WO, composite films are made by a layer-by-layer
method. The morphology and the spectra of the PAA/WO,
composite films are characterized, and the influence of
PAA on the optical and the electrochromic behavior of the
composite films are detailedly investigated. Our research
provides a cost-effective approach for the preparation of
PAA/WO, composite films with controllable microstruc-
ture and good electrochromic property.

2 Materials and methods

The PAA (Aldrich, Mv=450,000) was dissolved in abso-
lute ethanol with concentrations of 2.0 wt % by stirring for
10 h at room temperature to obtain a homogeneous PAA
solution. The WO, solution was prepared by adding 4 g of
tungsten powder in 30 ml of H,0, (30%) solution, stirred
continuously for 4 h, and filtered. The absolute ethanol
and glacial acetic acid were added to get a WO, precursor
solution.

The PAA layers were coated on the clean tin-doped
indium oxide (ITO) glass using the PAA solution by the dip-
coating technique at dipping rates of 5~10 mm/s employing
a motor-driven dip-coating equipment. Then, the film was
held at 80°C for 30 min to allow the residual organics and
moisture to volatilize. Then, the PAA layers were dip coated
again with WO, precursor solution with the same with-
drawal speed and dried at 100°C for 10 min. After the above
layer by layer, films were rinsed with absolute ethanol and
dried; the PAA/ WO, composite films were obtained.

The morphology and the microstructure of the
samples were characterized by a field emission scan-
ning electron microscope (FESEM, HITACHI, S-4800), a
transmission electron microscope (TEM, JEM-2010), cyclic
voltammograms (CV, and chronoamperometry (CA) was
carried out in a three-electrode system containing 0.1 M
LiClO,-PC as the electrolyte, the ITO glass covered with
films as working electrode, Pt sheets as counter electrode,
and an Ag/AgCl electrode as reference electrode on the
CHI660B Electrochemical Workstation (Chenhua, Shang-
hai). The electrochemical reaction of the films was carried
out in the potential range of -1.5~1.5 V with the scanning
rate of 50 mV/s at room temperature. The changes in UV/
Vis absorption spectra for the coloring and bleaching
states were measured ex situ with a UV/Vis spectropho-
tometer (UV 2102pc, UNICO).
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3 Results and discussion

3.1 Characterization and morphology of the
PAA/WO, films

The Raman spectra of the PAA/WO3 and WO, films are
shown in Figure 1. From the spectra of the WO, film, a small
area of broad peak emerged at 680~730 cm™, which should
be attributed to stretching O-W-O modes of the bridging
oxygens. The band at around 934 cm™ was assigned to the
stretching mode of the terminal W=0 bond, while in the
spectra of the PAA/WO, composite film, the strong band
at around 967 cm™ again can be assigned to the termi-
nal W=0 stretching mode, possibly on the surface of the
cluster and in microvoid structures in the film [21]. The
band at 815 cm™ was attributed to the O-W-O stretching
vibration, which had a blue shift and became weaker with
the existence of PAA. The small peaks at around 1100 cm™
and 1350 cm™ in the attached spectra were corresponding
to the characteristic band of the PAA [22].

The surface morphological features of the PAA/WO,
film and the WO, film are presented in Figure 2. The image
of the WO, film revealed a uniform amorphous surface
mature, and the nanometer amorphous WO, (Figure s)
grains looked like they were well dispersed on the film.
While in the image of PAA/WO, composite film, the whole
film presented a uniform, porous network structure with
the PAA layer bringing the porous template. Such spe-
cific network structure had much bigger electrochemical
activity and possessed electrochemical active point of ion
absorption [23].
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Figure 1: Raman spectra of the WO, and PAA/WO, films.
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Figure 3: TEM images of PAA/WO, films with different magnifications.
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The crystal structure and the morphology of the PAA/
WO, hybrid film were studied by TEM. Figure 3 presented
the TEM images of the PAA/WO, films, which showed that
tungsten oxide particles were embedded in PAA media
with an average diameter of 5~10 nm. From the images,
the catenulate grain clusters and the framework of PAA
sol could be observed clearly. Small clusters collided and
infiltrated each other by Brown movement, growing up to
a bigger anomalous network. As the PAA showed a porous
and amorphous matrix for WO, crystallite, a homogene-
ous composite structure of PAA/WO, could be obtained.

On the basis of the characterization and morphology
results, the synthesis process of the PAA/WO3 films was
illustrated by a schematic model in Figure 4. The PAA
layer behaved as a porous matrix for WO, crystallites, and
the uniform network structure of the PAA/WO3 could be
achieved. PAA has good electrochemical stability [24],
and neither affects the electrical contacts between the
WO, component and the ITO stuff. Thus, the porous and
amorphous layered structure of the PAA/WO3 films was
favorable for the injection (extraction) of Li* into (from)
the films. Finally, the marvelous electrochromic property
of the PAA/WO, composite films had been obtained.

3.2 Electrochromic and electrochemical
properties

The optical transmittance spectra of the colored and
bleached WO, and PAA/WO, composite films are shown in
Figure 5. It was obvious that the maximum transmittance
for the bleached PAA/WO, films was about 83%, with a
variation of 73~83% in the visible region. For the pure WO,
films, the bleached film also had a good transmittance
property in the whole visible region, which was up to 80%.
While in the colored state, the PAA/ WO, composite films
showed a higher absorption property than the WO, films,
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Figure 4: Synthesis scheme of the PAA/WO, composite films.
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Figure 5: Optical transmittance spectra of WO, and PAA/WO, com-
posite films.

owning to the preferred colored effect on the films. The
transmission modulation of the PAA/WO, and WO, films
was 60% and 34%, respectively. Apparently the addition
of the PAA improved the optical transmittance property of
the WO, films. The intense redox reaction could occur in
the WOB/PAA composite films, which could bring on the
increase in transmittance change.

Typical cyclic voltammograms were recorded at a
scan rate of 50 mV/s for the PAA/WO, and WO, films, and
the investigation is shown in Figure 6. During the cyclic
voltammetry at the potential range of —-1.5~1.5V, the films
exhibited the well-known redox behavior of WY=V, which
accompanied a reversible color change between the trans-
parent and the dark blue. In the PAA/WO, curve, the open-
circuit potentials of the pure WO, films were 0.212 V and
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Figure 6: CV curves of PAA/WO, films in a PC solution containing
0.1mLiclo,.
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0.253 V. The lower opening current revealed that the com-
posite films had better electrical properties and brought
electrochemical reactions easily. The reversibility during
the electrochemical reactions could be estimated by the
ratio of the charge densities (Qa/Qc): 66% and 78% for
the WO, and PAA/WO, films, respectively. The negative
movement of the oxidation peak indicated that the color
bleaching of the PAA/WO, composite films was faster than
that of pure WO, films, which was also confirmed in the
response time. In this report, the coloration time and the
bleaching time were defined as the time required for the
cathodic/anodic current of the films to attain a steady
state in the coloration/bleaching cycle. It had been found
that bleaching kinetics was faster than coloration kinet-
ics for both films, which was 5.2 s, 20 s, and 7.3 s, 26 s for
PAA/WO, films and WO, films, respectively. It was evident
that the microstructure of the PAA/WO3 films was more
favorable for a rapid ion intercalation and deintercalation
process as the films exhibited faster coloring-bleaching
kinetics than pure WO, films.

4 Conclusion

The PAA/WO, composite films were successfully prepared
by the layer-by-layer method. The PAA layer acted as the
template for the deposition of the WO, films, and the com-
posite films showed a porous network structure. The as-
prepared PAA/WO, composite films exhibited marvelous
electrochromic properties. It was shown that the revers-
ible color changed from transparent colorless to dark
blue. The PAA/WO, composite film presented a good color
contrast with a transmittance variation up to 60% at 650
nm. Also, the composite films had good electrochemical
reversibility with the ratio of charge densities of 77%. The
results indicated that the attempt to get a cheaper and
good for large-scale production of the PAA/WO, composite
films by the normal sol-gel method at room temperature
was feasible. Furthermore, such kind of mechanism of
preparation of the PAA/WO, composite film could be a ref-
erence for other nanocrystalline electrochromic materials.
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