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In this study, monolayer hollow spherical tungsten oxide (WO3) ﬁlms have been prepared for the ﬁrst
time by magnetron sputtering combined with the colloidal crystal template method. Due to the large
speciﬁc surface area, short ion diffusion distances, and weak scattering of the monolayer hollow structure, the hollow spherical WO3 ﬁlm exhibits excellent electrochromic performance. This includes high
transmittance modulation in the near-infrared spectral range (78.8% at l ¼ 1000 nm), fast switching
response time (2.41 s for coloration and 1.28 s for bleaching), and high coloring efﬁciency (102.9 cm2 C1)
at 1000 nm. The results show that the hollow spherical WO3 ﬁlm can effectively regulate incident light,
especially in the near infrared band, which is not visible but has signiﬁcant thermal effects.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Electrochromic materials have ﬁrst been described nearly ﬁfty
years ago (in 1969) in a report on electrochromism by Deb [1].
Currently, electrochromism has been successfully used in automotive rearview mirrors, smart windows, and space thermal control [2e6]. In particular, in the ﬁeld of architecture, electrochromic
smart windows can save air-conditioning and lighting power by
adjusting the transmissivity of both visible and near infrared incident light [7]. Among numerous electrochromic materials, tungsten
oxide (WO3) is an excellent and stable electrochromic material due
to its large coloring contrast, high coloring efﬁciency, and stable
cycling life [8e10]. The nature of electrochromism in WO3 can be
described as follows [7]:

WO3 ðbleachedÞ þ xMþ þ xe 4Mx WO3 ðcoloredÞ

(1)

where Mþ represents Hþ or alkali metal ions. The color change in
the ﬁlms is directly related to the double injection/extraction of
electrons and ions in/out of the ﬁlms, respectively.
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Many studies have focused on WO3, both fundamental studies
and application-oriented studies [11e15]. Further improvement of
the electrochromic properties of WO3 has become the current
research focus. Formation of a special stereoscopic structure is a
universal and reliable method for the improvement of electrochromic properties. This is a both fast and effective technology for
constructing porous structures via a polystyrene (PS) colloidal
crystal template. In 2004, an inverse opal WO3 structure was obtained by Kuai et al., which showed exceptional optical modulation
properties with lithium intercalation [16]. Then, WO3 [17,18], polyaniline (PANI) [19], vanadium pentoxide (V2O5) [20], and poly(3,4-ethylenedioxythiophene) (PEDOT) [21], with a threedimensional ordered macroporous (3DOM) structure, were synthesized and showed excellent electrochromic properties.
3DOM is typically prepared by electrodeposition. This is a
bottom-up growth method, which can effectively ﬁll the template
gaps and obtain a complete macroporous structure. Due to the large
number of continuous interconnected channels, the electrolyte can
be fully connected with the electrochromic material, leading to
easy ion injection/extraction into/from the electrochromic material
when voltage is applied. The main requirements for electrochromic
materials are to decrease the response time, while increasing the
coloring efﬁciency. Furthermore, based on the 3DOM technology, a
two-dimensional bowl-like electrochromic ﬁlm has been developed to enhance the electrochromic properties. The two-
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dimensional bowl structure is based on a PS monolayer colloidal
crystal template (MCCT) and is also prepared by electrodeposition.
However, in the latter case, only the thickness of a half-layer
microsphere can be achieved. In addition to WO3 [22], this bowl
structure has been obtained in nickel oxide (NiO) [23], cobalt oxide
(Co3O4) [24], and PANI [25].
According to previous studies, ﬁlms with stereo structure show
superior electrochromic properties than dense ﬁlms. In this paper,
unique hollow spherical WO3 ﬁlms have been prepared by
magnetron sputtering using monolayer PS microspheres as template. Unlike electrodeposition, WO3 can evenly coat the PS microspheres surface during the sputtering process, leading to the
formation of a unique hollow spherical WO3 ﬁlm after removal of
the template. Due to its high surface area, the obtained hollow
spherical WO3 thin ﬁlm shows improved electrochemical and
electrochromic properties with enlarged optical modulation
(78.8%), faster switching responses (2.41 s for coloration and 1.28 s
for bleaching), and higher coloring efﬁciency (CE) (102.9 cm2 C1)
at 1000 nm, exceeding the electrochromic properties of the dense
WO3 ﬁlm and other 3D/2D order WO3 ﬁlms [17,18,22]. In the solar
spectral range, since about 50% radiant energy from the sun is in the
near-infrared region, so it has signiﬁcant thermal effects. The hollow spherical WO3 ﬁlms exhibit excellent control capability in nearinfrared region, which is promising materials for smart windows.
2. Experimental section
All of the reagents used in the experiments were of analytical
grade and were used without further puriﬁcation. Monodispersed
PS latex microspheres (with a diameter of 520 nm) were obtained
via emulsiﬁer-free emulsion polymerization technique [26]. The
prepared PS microspheres were washed with deionized water and
ethanol, collected via centrifugation, and dried at 50  C in a vacuum
oven. Commercially purchased indium tin oxide (ITO) glass substrates (1 cm  4 cm, 6 U/square) were ultrasonically cleaned in
acetone, ethanol, and distilled water for 20 min, respectively.
2.1. Preparation of the hollow spherical WO3 ﬁlm
The fabrication process of the hollow spherical WO3 ﬁlm involves three steps, as shown in Fig. 1. During the ﬁrst step, the PS
monolayer microsphere template was prepared via self-assembly.
The dry PS microspheres were re-dispersed at 1 wt% in a mixture

of deionized water and ethanol (1:1 by volume) to obtain the PS
microsphere suspension. The silicon wafer was placed in the middle of a Petri plate at an angle; deionized water was slowly added to
a level slightly exceeding that of the upper silicon wafer without
submersion. A few drops of dodecylbenzene sulfonic acid solution
(2 wt%) were added to the deionized water. Then, the PS microsphere suspension was carefully dropped onto the upper surface of
the silicon wafer to form a ﬂoating monolayer of PS microspheres,
which were then transferred to the cleaned ITO glass to form the PS
monolayer microsphere template.
During the second step, the WO3 ﬁlms were deposited on the PS
template by radio frequency (RF) magnetron sputtering at room
temperature. High purity (99.95%) tungsten was used as sputtering
target, and ITO glass with PS template was used as substrate. The
base pressure was maintained below 3  103 Pa and the distance
between the target and the substrate was 6.5 cm. The sputtering
was performed under an Ar and O2 gas mixture (Ar: O2 ¼ 1: 1), and
a sputtering pressure of 1 Pa was maintained. The sample holder
was rotated at 5 rpm to ensure the homogeneity of the thin ﬁlms.
The targets were pre-sputtered for 10 min prior to deposition to
remove contaminants. The sputtering power was 80 W and the
sputtering time was 50 min. Subsequently, the WO3/PS composite
ﬁlms were immersed in toluene and stirred for 3 h to remove PS
microspheres. After drying at room temperature, a hollow spherical
WO3 thin ﬁlm was obtained. In comparison, the dense WO3 thin
ﬁlms were also deposited onto ITO glass by RF sputtering under
identical conditions.
2.2. Characterizations
The sample morphologies were characterized via scanning
electron microscopy (SEM) using a Zeiss supra 55 at an accelerating
voltage of 20 kV. The polymer phases of the sample were analyzed
via Fourier transformed infrared (FT-IR) measurements (Bruker
VERTEX 70 FT-IR spectrometer with an A562 integrating sphere).
The crystalline structures of the materials were investigated via
Japan Rigaku DMax-rb rotation anode X-ray diffractometer equipped with graphite monochromatized Cu Ka radiation (0.15418 nm).
The electrochromic performances were investigated with a combination of CHI 660E electrochemical station and ViseNIR ﬁber
optic spectrometer (MAYA 2000-Pro, Ocean Optics). The WO3 ﬁlm,
Pt wire, and Ag/AgCl were used as working electrode, counter
electrode, and reference electrode, respectively. 0.5 M solution of
H2SO4 in water was used as electrolyte.
3. Results and discussion

Fig. 1. Schematic illustration of the preparation of the hollow spherical WO3 ﬁlm.

The surface morphologies of ﬁlms were investigated via electron
microscopic studies. Fig. 2 shows SEM images of top and side views
of the PS monolayer template, the WO3/PS composite ﬁlm, the
hollow spherical WO3 thin ﬁlm, and the dense WO3 ﬁlm. As shown
in Fig. 2a and b, PS microspheres are arranged in a single layer and
have a speciﬁc gap between each other, which is beneﬁcial to the
formation of the uniform WO3 coating on the surface of PS microspheres. The surfaces of the PS templates are very smooth. After
WO3 sputtering, the diameters of the WO3/PS microspheres do not
increase but decreases slightly (Fig. 2c). The PS microspheres shrink
greatly during sputtering, which leads to the formation of a partly
hollow structure of the WO3/PS microspheres, as shown in the inset
in Fig. 2c. This is likely because excessive energy carried by the WO3
in the sputtering process leads to the decomposition of PS to some
extent. Moreover, the surfaces of PS microspheres become rougher,
which indicates the sputtering of WO3 ﬁlms. After the PS microspheres are completely removed in toluene, hollow WO3 microspheres are formed (Fig. 2e and f). Since the bottom of PS
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Fig. 2. SEM images of top view and side view of (a) (b) of the PS monolayer template, (c) (d) WO3/PS composite ﬁlm, (e) (f) hollow spherical WO3 ﬁlm, and (g) (h) dense WO3 ﬁlm.
The upper-right insets in (c) and (e) correspond to the internal structure of the respective ﬁlms.

microspheres cannot be covered by WO3 during sputtering, a hole
will be formed at the bottom of the hollow structure after the
removal of the PS templates. However, the edge of the hole will still
attach to the ITO substrate, which ensures that the hollow spherical
WO3 keeps well adhesion with the substrate and will not fall off
after PS removal. For comparison, a SEM image of the dense WO3
ﬁlm without the PS monolayer template is shown in Fig. 2 g and h.
The thickness of the dense WO3 ﬁlm is about 115 nm.
To further conﬁrm the composition of ﬁlms, FT-IR and XRD
analysis were conducted. The results of FT-IR spectra are shown in
Fig. 3. The PS monolayer template shows weak absorption around a
wavenumber of 3025 cm1 and 2923 cm1, which is attributed to
the benzene ring of the sp2 carbon-hydrogen stretching vibration
and the -CH2- of sp3 carbon-hydrogen stretching vibration [27].

After deposition of WO3, the infrared absorption peak of PS becomes very weak; however, it can still be noticed, which also
conﬁrms the partly decomposition of PS during WO3 sputtering.
After removal of the template, the absorption peak of PS completely
disappears. The results of FT-IR are consistent with those obtained
via SEM.
Fig. 4 shows XRD patterns of both hollow spherical WO3 and
dense WO3 ﬁlms. All diffraction peaks belong to indium oxide
(JCPDS 65-3170), i.e., ITO thin ﬁlms, which indicates that both the
hollow spherical WO3 and the dense WO3 ﬁlms are amorphous
structures.
The cyclic voltammograms (CV) for hollow spherical WO3 and
dense WO3 ﬁlms, obtained by sweeping the potential between 0.8
and 0.8 V at a scan rate of 0.1 V s1, are depicted in Fig. 5a. Close
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Fig. 3. FT-IR spectra of ITO glass, PS microsphere templateWO3/PS composite ﬁlm and
hollow WO3 microsphere ﬁlm.

Fig. 4. XRD patterns of the hollow spherical WO3 ﬁlm and the dense WO3 ﬁlm.

to 0.3 V, an increase in the cathodic current is observed, which is
associated with the tungsten reduction and simultaneous Hþ
insertion. Compared to the dense ﬁlm, the hollow spherical WO3
ﬁlm exhibits faster current increase and enlarged current densities,
indicating a faster ion diffusion rate, which is favorable for the
electrochromic reaction. Fig. 5b shows the chronoamperometric
response curves of WO3 ﬁlms in potential 0.8 V and 0.8 V. During
the electrochromic process, a high peak current is generated due to
double injection/extraction of electrons and ions. Upon completion
of the process, the current gradually decreases and eventually
stabilizes. It is obvious that the measured currents in the hollow
spherical WO3 ﬁlm decline faster than those of the dense ﬁlms,
especially the bleaching current. This indicates that the electrochemical reaction process completes faster in the hollow spherical
WO3 ﬁlm. At the same time, the current in the ion de-intercalation
process exceeds that of the intercalation process, shortening the
bleaching time compared to the coloration time. As further proof,
the electrochemical impedance spectrum (EIS) was measured in a
frequency range from 1 Hz to 100 kHz at an open circuit potential
with superimposed 5 mV sinusoidal voltage. Nyquist plots of both
hollow spherical WO3 and dense WO3 ﬁlms indicate similar forms
with a semicircle in the high frequency range and a straight line at
low frequencies (Fig. 5c). At the high frequency, the intersection of
the curve at the real part shows the resistance of the

Fig. 5. (a) CV curves, (b) Chronoamperometric curves, and (c) Nyquist plots of the
hollow spherical WO3 ﬁlm and the dense WO3 ﬁlm.

electrochemical system (Rs), and the semicircle is attributed to the
charge-transfer resistance on the electrode/electrolyte interface
(Rct). Apparently, the hollow spherical WO3 ﬁlm exhibits a smaller
semicircle than the dense WO3 ﬁlm. The inset in Fig. 5c shows an
equivalent circuit used to match with the EIS curves to measure Rs
and Rct. Zw is the Warburg impendence and CPE is constant phase
element. As expected, hollow spherical WO3 ﬁlm shows the lower
Rct (6.7 U) compared with dense WO3 ﬁlm (36.5 U). This indicates
that the hollow spherical WO3 ﬁlm has a lower charge transfer
resistance, which is in accordance with the previous CV and chronoamperometric analysis.
The in-situ transmittance of WO3 ﬁlms was measured under the
application of a square wave voltage between 0.8 V and 0.8 V to
investigate the EC performance of the hollow spherical WO3 ﬁlm
(as shown in Fig. 6 a and b). In the short wavelength range, the
bleached state of the dense WO3 ﬁlm achieves a higher transmittance and the transmittance modulation DT (DT ¼ Tb-Tc, Tb and
Tc represent the transmittance in the bleached and colored states,
respectively.) of the dense WO3 ﬁlm exceeds that of the hollow
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Fig. 6. (a) (b) Optical transmittance spectra, (c) (d) switching response curves, and (e) (f) coloration efﬁciency of the hollow spherical WO3 ﬁlm and the dense WO3 ﬁlm, respectively.
The inset shows the photographs of the hollow spherical WO3 ﬁlm with a size of 1 cm  4 cm at the colored and bleached states.

spherical WO3 ﬁlm. This is because the wavelength of incident light
is close to the size of the hollow sphere, which greatly enhances
Mie scattering and leads to both low transmittance and low modulation of the hollow spherical WO3 ﬁlm. A similar phenomenon
was also reported in a previous publication [17]. In the long
wavelength range, DT of the hollow spherical WO3 ﬁlm increases
greatly, exceeding that of the dense WO3 ﬁlm, due to weaker
scattering and larger active surface area, providing more effective
ion intercalation. The color of the hollow spherical WO3 ﬁlm
changes from transparent (bleached state) to navy blue (colored
state). Photos of the ﬁlms in both colored and bleached states are
shown in the inset of Fig. 6a.
The response time is a further important parameter of electrochromic behavior, and is deﬁned as the time required for reaching
90% of the full transmittance change of a particular material.
Switching behavior was analyzed by monitoring the transmittance
at a wavelength of 1000 nm under the application of a square wave
voltage between 0.8 V and 0.8 V. Fig. 6 c, d and Fig. S1 show the
transmittance-time response of both WO3 ﬁlms at 550 nm and

1000 nm. For the hollow spherical WO3 ﬁlm, the response time for
full coloration and bleaching are 2.38 s and 1.22 s at 550 nm, and
2.41 s and 1.28 s at 1000 nm, respectively. This is faster than the
response time of the dense WO3 ﬁlm (coloration and bleaching
time are 4.87 s and 1.58 s at 550 nm, and 3.35 s and 1.79 s at
1000 nm, respectively), indicating that the hollow spherical WO3
ﬁlm has faster reaction kinetics.
The CE is a further parameter that determines the electrochromic performance. It can be estimated according to the
following equations:

DOD ¼ logðTb =Tc Þ

(2)

CE ¼ DOD=DQ

(3)

where DOD represents the optical density, DQ represents the
intercalation charge density. Fig. 6 e and f show the relationship of
OD with the charge density of the hollow spherical and dense WO3
ﬁlms at a wavelength of 1000 nm. The CE of the hollow spherical
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WO3 is 102.9 cm2 C1, which is much higher than that of the dense
ﬁlms. This is mainly due to the difference in the modulation of the
spectra at different wavelengths, which is in accordance with the
result of the electrochemical performance. Based on the above
analysis, the hollow spherical WO3 ﬁlm has a larger transmittance
modulation, shorter response time, and excellent CE compared to
that of the dense ﬁlm and previously reported 3D/2D WO3 ﬁlms
[17,18,22]. The obtained results are listed in Table 1.
The electrochemical stability of the hollow spherical WO3 ﬁlms
is characterized via chronoamperometry. The peak current of each
cycle is shown in Fig. 7. The anodic and cathodic peak currents
decrease slowly in the cycle process, which is mainly due to the
gradual decomposition of WO3 in the acidic electrolyte. The anodic
and cathodic peak currents in the hollow spherical WO3 ﬁlm
maintain 63% and 87% of their highest value after 300 cycles, and
the peak currents of the dense WO3 ﬁlm maintained 68% and 87%.
The optical modulation change after 300 cycles is in accordance
with the electrochemical stability, as shown in Fig. S2, and the
dense WO3 ﬁlm has slower degradation. This is because the smaller
contact area between the dense ﬁlm and the electrolyte slows
down the decomposition process.

The enhanced electrochromic performance of hollow spherical
WO3 can clearly be attributed to the following features: First, as
schematically demonstrated in Fig. 8, ionic diffusion plays a key role
in the electrochromic process. For dense ﬁlms, the diffusion of ions
is relatively difﬁcult, affecting their electrochromic performance.
Due to the larger surface area and larger number of active sites, a
hollow structure is more inclined to exchange ions with the electrolyte during the electrochromic process. Therefore, the ions are
faster injected and extracted in/from the active material in higher
concentrations, which leads to a faster response time and larger
transmittance modulation. Second, unlike the 3DOM structure
[16,17], due to the weak scattering of monolayer hollow structures,
the modulation ability of the near-infrared (NIR) light is enhanced,
thus enhancing the electrochromic performance in the NIR region.

4. Conclusion
Hollow spherical WO3 ﬁlms were successfully fabricated by RF
magnetron sputtering on a PS monolayer template. Compared to
the dense WO3 ﬁlm prepared without the PS monolayer template,
the hollow spherical WO3 ﬁlm has an enhanced electrochromic

Table 1
Comparison of electrochromic performance of the hollow spherical WO3, dense WO3, and previously reported 3D/2D WO3 ﬁlms.

Wavelength
Tc (%)
Tb (%)
Coloration time (s)
Bleaching time (s)
CE (cm2$C1)

Hollow spherical WO3 ﬁlm

Dense WO3 ﬁlm

3DOM WO3
Yang et al. [17]

3DOM WO3
Qu et al. [18]

2D WO3
Zhang et al. [22]

1000 nm
5.2
84.0
2.41
1.28
102.9

1000 nm
11.6
73.4
3.35
1.79
71.7

800 nm
7
52
5.19
8.76
50.18

700 nm
27
75
9.22
3.94
47.23

633 nm
32
80
3.6
1.0
68

Fig. 7. Peak current of the (a) hollow spherical WO3 ﬁlm and (b) the dense WO3 ﬁlm in chronoamperometric cycles.

Fig. 8. Schematics illustrating the differences of ion diffusion between hollow spherical WO3 and dense WO3 ﬁlm.
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performance with a larger optical modulation (78.8%), faster
switching responses (2.41 s for coloration and 1.28 s for bleaching),
and higher CE (102.9 cm2 C1) in the NIR region. This is caused by
its large surface area, which facilitates electrolyte penetration,
provides larger active material/electrolyte contact area, and
shortens the diffusion length of ions.
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