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ABSTRACT: The three-dimensional, high-porous, and oriented WO,
nanocolumn film with broadband antireflective and high-performance
flexible electrochromic dual-functionalities is achieved by utilizing a
simple, one-step, room-temperature glancing angle deposition without any
catalysts and templates. It is found that the WO; nanocolumn film is
effective in increasing the optical transparency in the visible range,
enhancing the color-switching response time as well as improving the
mechanical flexibility and electrochemical cycling stability in comparison
to dense WO; film. The further optical, morphological, and electrode ’ ’ '
reaction kinetics analyses reveal that these improvements can be attributed
to its unique porous nanocolumn arrays, which reduce the refractive index,
facilitate the interfacial charge-transfer and ion-penetration, and alleviate
the internal stress of the film under the bending treatment. These results
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would provide a simple and effective guidance to design and construct low-cost, robust, flexible, stable, and transparent

electrochromic smart windows.
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B INTRODUCTION

Electrochromic (EC) materials and devices (ECDs) have
drawn tremendous attention because of their reversible optical
modulation (reflectance, transmittance, and absorption) and
exceptional function of vigorously controlled solar energy
gain.' > They have found important applications in energy
conservation (such as smart windows) together with artificial
intelligence (such as displays, antidazzle mirror, and effective
disguise). Transition metal oxides such as WO;, MoO;, and
NiO,, represent the most typical EC materials because of their
low cost, simple preparation, high contrast under low driving
power, admirable memory effect, and long-lasting stability.”
However, the inorganic EC materials usually suffer from slow
response speed and poor flexibility as compared to organic EC
materials, which limits their application in high performance
flexible ECDs.*

One way to resolve the above problems is in virtue of the
construction of nanostructured inorganic EC materials with
great specific surface area and permeable channels for fast ion
diffusion and electron transfer.”” The unique nanostructure can
also help to eliminate the film stress during the bending or
twisting treatment, causing a great improvement in mechanical
stability and flexibility. Recently, flexible ECDs with enhanced
performance have been reported on the basis of the metal-
oxides nanomaterials with various morphologies, such as
nanoparticles,g_11 nanowires, >~ '* nanosheets,l"16 and other
interesting configurations'’~*° prepared by sol—gel, hydro-
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thermal, chemical or electrochemical deposition, and other
physical deposition methods. Although much progress has been
made with the help of nanotechnology, the large-scale and
reliable controlled fabrication and integration of nanomaterials
with tailorable properties (such as morphology, porosity, and
composition) by a convenient method still faces some
challenges.é’7

Among the various fabrication methods of nanomaterials,
glancing angle deposition (GLAD) is considered a versatile
vapor-deposition technique, which allows in situ mass
production of nanostructured thin film with few material
restrictions and lower cost in one step.”** By dynamic varying
of the substrate incline and revolution regarding incoming
vapor in the GLAD method, the film morphological and
physical properties can be precisely adjusted. Moreover, the
possibility to work at room temperature makes the GLAD
technique more compatible with flexible substrates such as
polyethylene terephthalate (PET). Recently, EC properties of
nanostructured WO, >™>° Mo00O,,*® and W,CSiyOZw’28 films
prepared by the GLAD method have been reported, and the
relative improvements in EC performance have been observed.
Nevertheless, even though the open and polyporous character-
istics of these films are very hopeful for their execution as fast
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switchable EC layer, as far as we know, high-performance
flexible ECDs from GLAD films have not been previously
reported. In addition, exhaustive characterization of both their
EC and optical performance (especially the antireflective
property) is obviously insufficient.

In this study, taking the most studied EC metrical WOj; as an
model, we successfully fabricated a three-dimensional, highly
porous, oriented WO; nanocolumn on flexible substrate at
room temperature by a facile electron-beam evaporation
combined GLAD technique. As compared to commonly used
GLAD sputtering,”**”** the GLAD electron-beam evaporation
system shows better control of the composition, structure, and
optical quality of the film due to its lower operating pressure
(<1073 Pa) and larger source—substrate distance (make sure
the mean free path of the incident vapor is greater than the
source—-substrate distance, improving the collimation of
incident vapor).”” We found that the structure, morphology,
porosity, and refractive index of WO; film can be accurately
controlled by simply adjusting the deposition angle in the
GLAD method. As compared to the dense bulk WO, film, the
WO; nanocolumn film deposited at an optimized deposition
angle of 75° possesses dual antireflective (AR) and EC
properties, which not only demonstrated improved optical
transmittance in the visible light range but also enhanced EC
performance. Most importantly, with the utilization of the dual-
functional WO; nanocolumns, the highly stable, robust, and
flexible ECDs based on GLAD films have been achieved.

B EXPERIMENTAL SECTION

Materials. Glass/ITO and PET/ITO substrates were purchased
from Shenzhen CSG PV Energy Co. Ltd. Tungsten oxide (WO,
99.9%) was purchased from Chnos Elemental Technology Co. Ltd.
Propylene carbonate (PC, 99.7%) together with lithium perchlorate
(LiClO,, 98%) were acquired from Sigma-Aldrich. All of the chemicals
were used without further purification.

Fabrication of Nanostructure WO; Films. The nanostructure
WO, films used in this study were fabricated by the GLAD method
using electron beam deposition at room temperature. Ahead of the
deposition, the used substrates were cleaned with an ether and ethanol
mixture in the ultrasonic apparatus for 10 min, and then dehydrated
under hot lamp. The evaporation rate of WO, was ~1.0 nm s™" at
pressures of ~2 X 107° Pa. The film thickness was supervised with a
quartz crystal microbalance positioned at the center of chamber;
simultaneously the source material was situated at the edge of the
vacuum chamber. The deposition angle was modulated from 0° to 75°.

Structural Characterizations. The actual thicknesses of the
deposited films were standardized with a surface profiler (XP-1,
Ambios, U.S.). The morphological and structural characteristics of the
WO, films were studied using atomic force microscopy (AFM, SPM-
7900, Shimadzu, Japan), scanning electron microscopy (SEM, S-4800,
Hitachi, Japan), optical microscopy (BXS1TRF, Olympus, Japan), X-
ray diffraction (XRD, D8 Focus, Bruker, Germany), and energy
dispersive X-ray (EDX, EMAX, Japan) elemental analysis. In EDX
analysis, the films were deposited onto Si substrate to eliminate the
influence of O element from the ITO substrate. The transmittance and
reflectance spectra were obtained using Shimadzu UV-3101PC and
PerkinElmer Lambda 1050 UV-vis—NIR spectrophotometers,
respectively.

Electrochemical and Electrochromic Evaluation. The electro-
chemical and EC performances were obtained using a standard three-
electrode, one-compartment electrochemical cell. The WOj; film (18
mm X 18 mm), a titanium sheet (S mm X 20 mm), and Ag/AgCl (3.5
mol L™ KCI) were utilized as working, assisting, and reference
electrodes, respectively. The electrolyte solution was a LiClO, (1 mol
L") in PC, which was degassed with nitrogen for 30 min before
electrochemical measurements. The transmission spectra of WOj films

under different potentials were measured by a combination of
electrochemical workstation (CHI 920, Shanghai Chenhua, China)
and fiber optical spectrometer (QE-Pro, Ocean Optics, U.S.).

B RESULTS AND DISCUSSION

Morphological and Structural Characterization. The
WO; films were deposited by GLAD with various deposition
angles (from 0° to 75° hereafter abbreviated as WO;-0° to
WO;-75°), which were described as the angle between the
WOj; vapor flux and the normal of substrate. The SEM and
AFM measurements indicated an evident change in micro-
structures and surface morphologies. Figure 1 displays the
surface and profile SEMs of the WO; films on glass/ITO

8 (1) 75°

Figure 1. Surface and profile SEMs of WO; films on glass/ITO
deposited at various angles: (a,b) 0° (c,d) 15° (ef) 30° (gh) 45°,
(ij) 60° and (k1) 75°.
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deposited for various angles. It can be seen that the WO, films
prepared at the deposition angle below 30° are continuous,
smooth, and compact without pore and crack (Figure la—f).
However, with the deposition angle increasing from 0° to 30°,
some bulky grain agglomeration with the size of ca. 100—200
nm evenly dispersed on the surface, leading to the root-mean-
square (RMS) roughness increasing from 2.6 nm for WO;-0° to
3.7 nm for WO;-30° (Figure S1). When the deposition angle
further increased to 45° the tilted nanocolumns with nearly
compact arrangement were observed (Figure 1gh). Some pores
appear on the surface, and the grain dimension decreases to
about 50—100 nm, causing the relatively smooth surface
morphologies with the RMS roughness of 3.0 nm. WO;-60°
film displays a nanocolumn structure similar to that of the
WO;-45° film except that the porosity on the WO;-60° surface
increased in some content (Figure 1ij). With further increasing
of deposition angle, the WO;-75° film reveals oblique, ordered,
and disjunctive nanocolumns with the feature size less than 20
nm and the distinct pore with the diameter of about 70 nm
(Figure 1kl). In addition, quite rough, porous, and loose
surface features with the RMS roughness of 3.9 nm were clearly
detected on the WO;-75° surface. Therefore, by simply
adjusting the deposition angle, the precise regulation of the
film porosity and microstructure was successfully achieved in
the GLAD method. The unique microstructure for the WO;-
75° film could effectively increase the electrode/electrolyte
contact areas and facilitate the charge transfer and ion
migration in the electrochemical process.

The microstructures and chemical composition of WO; films
were also studied by XRD and EDX. Figure 2a displays the
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Figure 2. (a) Energy-dispersion X-ray spectra of WO; powder and
WO, films on Si substrate. (b) XRD patterns of ITO, ITO/WO; films
fabricated at different angles.

EDX spectrum of the deposited WOj; thin films and the WO,
powder (raw material). The good agreement in peak positions
and intensities as well as the absence of any other peaks except
those attributed to W and O from the films and the WO,
powder strongly suggest that the as-deposited films are nearly
stoichiometric (atomic ratio of O/W = 2.96 + 0.05) without
any elemental impurities. XRD analysis indicates the
amorphous nature of the deposited WO; films, because there
was no considerable crystalline peak detected (Figure 2b). A
similar result has also been reported in previous studies.”” It

has been demonstrated that amorphous WO; film generally
exhibited EC performance superior to that of crystalline WO,
film because their toughly chaotic and loose structure facilitates
fast ion diffusion and rapid color alteration.’"**

Optic Properties. The transmission and reflectance spectra
of bare ITO and the WO; films deposited at various angles are
shown in Figure 3a and Figure S2. As compared to the bare
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Figure 3. (a) Optical transmittance spectrum of bare ITO and ITO/
WO, films at normal incidence. (b) Measured refractive index (550
nm) at normal incidence (n,) and estimated porosity of WO, films
versus glazing angle in glancing-angle deposition. The error bar
indicates the standard deviation of four separate samples.

ITO, the relatively low transmittance of ITO/WQO;-0° film in
the visible light range (82.1% vs 85.4%, 400—800 nm) could be
mainly attributed to the additional interface reflectance (12.8%
vs 11.3%) and absorption of the compact WO, film. In contrast,
the ITO/WQ;-75° film with nanocolumn structure exhibits an
improved optical transmittance to bare ITO. The average
optical transmittance of ITO/WO3-75° film in the visible light
range (400—800 nm) was 93.8%, which is enhanced by 8.4% in
comparison with 85.4% of bare ITO electrode. In addition, the
measured reflectance values in the wavelength of 400—800 nm
of bare ITO and ITO/WO;-75° are 11.3% and 4.9%,
respectively (Figure S2). Therefore, the improved transparency
could be ascribed to the inherent antireflective capability caused
by the WO, nanocolumn layer with ultralow refractive index.*”
The sizes of the individual nanocolumn and gaps between them
are far smaller than the visible wavelength, suggesting that the
Mie and Rayleigh scattering can be ignored and the film can be
regarded as a uniform medium with consistent refractive
index.** As shown in Figure 3b, the measured refractive index
of WO;-75° nanocolumn film at the wavelength of S50 nm (at
normal incidence) is only 1.5, significantly lower than those of
WO,-0° film (1.94) and bulk WO, material (2.1). As we know,
the refractive index of a porous film depends on its porosity, so
the porosity of each WO; film was also estimated according to
the following equation:”

2
-1
porosity (%) = [1 - nf241

X 100%
n, —

(1)

where ¢ and n, are the refractive index values of the deposited
WO, films and dense bulk WO, material (1, = 2.1) at the
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wavelength of 550 nm. From Figure 3b, we noted that the
calculated porosity for WO; films was nearly constant up to the
deposition angle of 30°. However, by further increasing the
deposition angle from 45° to 75° the film porosity was
enhanced significantly from 20% (45°) to 58% (75°, Figure
3b). The porosity results are well consistent with the SEM
measurements and in reasonable agreement with the optical
transparency (Figure S2). Apparently, obvious nanocolumn
structure with high porosity will result in a marked decrease in
refractive index and a distinct increase in transmittance, making
the WO, thin films possess AR properties. Conventional AR
coatings with quarter-wavelength thickness only work at single
wavelength.*® In contrast, the deposited WO;-75° nanocolumn
film yields broad-band AR characteristics with the average
transmittance in the visible region over 93.8% (Figure 3a).
Although the absolute decrease of reflectance (from 11.3% to
4.5%) in the nanocolumn WO, system is not as significant as
reported typical AR coatings, the reflectance of 4.5% is
comparable to the results of the literature.>”*® Most
importantly, the achieved transmittance of the ITO/WOQ;-75°
film is the highest value for WO; EC film up to now, to the best
of our knowledge (Table S1), which is hospitable to certain
particular fields like displays and smart windows. In principle,
the broadband 100% transmittance can be achieved in GLAD
films by unceasingly turning the refractive index between the
substrate and the air to completely eliminate the Fresnel
reflection.” Further improvements in film transparency are
under investigation.

Electrochemical and Electrochromic Performances.
To appraise the relationship between the deposition angle and
the EC properties of WOj; films, potential-step chronoamper-
ometry was carried out by simultaneously recording trans-
mittance variation. When the driving voltage was switched
between 1.0 and —1.0 V (vs Ag/AgCl) repeatedly, the color of
these WO; thin films changed reversibly from transparent
(bleached state) to sullen blue (colored state). The
phenomenon can be associated with the intercalation/
deintercalation of electrons and Li* ions in accordance with
the following reaction:

WO, + xLit + xe” © Li,WO, ()

The transmittance modulations for the WO films at 700 nm
and in the wavelength range of 300—1600 nm are given in
Figure 4a and Figure S3. It can be seen that all of the WO; films
except WO;-75° exhibit ultralarge optical modulation of over
75% at 600—1000 nm and 80—86% at 700 nm (Figure S3),
which are comparable to those of the reported nanostructured
WO, films.” The relatively low optical contrast for WO;-75°
film (over 60% at 600—1000 nm and 74% at 700 nm) might be
because of the significant diminution in equivalent mass
thickness, an evaluation of the effective material for electro-
chromism, due to the unique porous structure. The equivalent
mass thickness could be calculated using d(1 — porosity),*®
where d is the physical thickness (500 nm in this work) of a
film. The calculated equivalent mass thickness for WO;-75°
film was only 210 nm, which is about one-half of the rest of the
WO, films (Figure S4). By propetly increasing the thickness of
the WO,;-75° film, the optical contrast could be enhanced
further. It is also worth noting that the nanostructured WO,
films not only demonstrate high optical modulations in visible
light range, but also in near-infrared region (Figure S3). At the
wavelength of 1000 nm, the optical contrast of these WOj; films
ranges from 61% (WO;-75°) to 78% (WO;-45°), which are
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Figure 4. (a) Colored and bleached state transmittance, (b) response
time, and (c) quality factor of the WOj; films deposited at various
angles.

among the best ever reported results for WO;-based EC
films.”*

The coloration and bleaching response time, time needed for
90% conversion of total optical contrast, of the WO; films were
also studied at the wavelength of 700 nm. The calculated
response time and parallel transmittance changes are given in
Figure 4b and Figure SS5. As the deposition angle increases from
0° to 75° the response time of the WO; films gradually
decreases (Figure 4b). For the WO;-0° film, the coloration time
(z.) and bleaching time (7;,) were 18.6 and 10.3 s, respectively.
In contrast, the 7. and 7, values for the WO;-75° film decrease
dramatically to 2.1 and 2.5 s under the same conditions,
indicating the porous nanocolumn structure can greatly
increase the rate of charge transfer and ions intercalation/
deintercalation. As compared to many nanostructured WO,
films, the response time of the reported porous WO,
nanocolumn in this work is much faster than that of WO,
nanowires (7.6 and 4.2 s)," WO, nanorods (272 and 364 s),"'
WO, nanosheets (660 and 11 s),** and other features (Table
S1).

To comprehensively evaluate the overall performance of the
EC film, we determined a quality factor I';y from the following
formulas:*°

W= 2 AQ (3)
where CE(;) is the coloration efficiency, AQ is the inserted
charge per unit area, and T}, and T, are the bleached and
colored transmittance values, respectively. It was obvious that a
greater I'(; leads to better EC performance. As shown in Figure
4c, the I'(7) of the WO, films increases distinctly with the
deposition angles increasing. For the WO;-75° film, the (740
value reaches 22.4 cm? C! s7%, which is § times larger than that
of the WO;-0° film (4.2 cm* C™* s7%).

The cycling stabilities of the WO, films were presented in
Figure S6. After 200 successive potential step cycles (+1 V vs
Ag/AgCl), both WO;-0° and WO;-75° films maintain their
transmittance modulation ability with the attenuation of optical
contrast for about 7.8% and 8.1%, respectively. The results
suggested the good electrochemical durability of the deposited
WO, films.

Figure Sa illustrates the cyclic voltammetry (CV) trends of
these deposited WO; thin films. With the increase in deposition
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angle, a great increase in area under CV curve and a significant
negative-shift of the anodic peak potential were observed,
suggesting an enhanced charge capacity and improved redox
reversibility of WO3-75° film. The improvement could be
attributed to the porous nanocolumn structures that provide
high-active-area and sufficient channels for efficient electro-
chemical reaction kinetics and fast charge transfer and ions
transport.

The diffusion coefficient (D,) of the Li* was determined
from CV curves under various scan speed and calculated from
the slope of the anodic peak current (I,) versus the square root
of scan speed (/% Figure 5b) in accordance with the Randles—
Sevcik equation (298 K):**

I, = 2.69 X 10°ACyD,"*n**'?

where A is the area of electrode, C, is the electrolyte
concentration, and n is the amount of electrons transferred in
the reaction (herein, n equals one). The calculated results
illustrate that the D in porous WO;-75° film (1.91 X 10™% cm®
s7") is nearly S times that of the compact WO;-0° film (3.84 X
107! cm? s7'). Therefore, the increased electrochemical
activity and fast ion diffusion of the porous WO; nanocolumn
film would be the essence of its excellent EC performance.

Flexible Electrochromic Performance. As we know,
nanostructured film was one of the most promising candidates
for flexible ECDs because of the penetrable channels, large
specific surface areas, as well as effective relieving of internal
stress. Recently, the high performance flexible EC devices have
been obtained by utilizing WO, nanosheets'® or WO,
nanoparticles”'” on flexible ITO or Ag electrode. However,
the synthesis and film-formation process of the nanostructured
WO; are relatively complicated, needing transfer or heat
sintering processes. Hereon, we extended our one-step, room-
temperature fabricated bifunctional WO; nanocolumn film to
flexible PET/ITO substrate on which a highly flexible and
stable ECD based on GLAD film was achieved.

As shown in Figure 6, the surface features of the flexible WO,
films are analogous to that of rigid WO; films. The flexible
WO;-75° film has distinct nanocolumn structure with the
porosity of 49%, causing the high transmittance of 84% and low
reflectance of 8.5% at 700 nm (Figure S8), which is among the
highest value of reported flexible EC films based on
nanostructured WO; (Table S2). In contrast, the flexible
WO;-0° film shows a uniform and compact surface feature with
the porosity of about 21%, relative low transmittance of 78% at
700 nm, and high reflectance of 16% (Figure S8). Moreover,
the calculated D, from the CV curves indicated that the flexible
WO;-75° has a more sufficient ion-migration channel than does
the WO;-0° film (Figure S8). So, the excellent structural and
electrochemical property of the porous WO; nanocolumn was
maintained even on the flexible substrate, and the GLAD
technique can be used to construct unique nanostructured films
for other materials on various substrates.

We further investigated the EC property and bending
stability of flexible WO; films. As can been seen from Figure 7
and Table S3, the optical contrast, response time, and CE initial
state are nearly identical, and the the two flexible WO, films on
the I'(79) of flexible WO;-75° (10.1 cm® C™" s7") are a little
larger than those on the WO;-0° film (7.61 cm® C™' s7%).
Nevertheless, a distinct difference in EC performance was
observed after successive bending treatment at a S mm radius of
curvature. After 500 bending cycles, the optical contrast of
WO;-0° film significantly reduces by 50% (from 79.9% to
38.5%), and the transmittance cannot reach saturate even in 30
s (r.=21.7 s, 7, = 26.7 s calculated according to the condition

Figure 6. Surface SEM images of flexible (a) WO;-0° and (b) WO;-75° thin films on PET/ITO.
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Figure 7. In situ transmittance modulation at 700 nm of flexible (a)
WO;-0° and (b) WO4-75° thin films on PET/ITO before and after
repeated bending at a S mm radius of curvature. The potential is
switched between 1.0 and —1.0 V (vs Ag/AgCl) at 30 s intervals.

in 30 s), leading to the I';op dramatically reduced by 839%
(from 7.61 to 1.28 cm® C™' s7'). By contrast, the optical
contrast and I'(759) of WO;-75° only decreased by 22% (from
73.3% to 57.0%) and 9.3% (from 10.1 to 9.16 cm* C™' s71),
respectively. Even after 1000 bending cycles, the WO;-75° films
also maintained good EC performance with the optical contrast
of 49.8%, response time of 7. = 4.2 s, 7, = 7.8 s, and ['(75) of
10.9 cm® C™' 57!, while the WO;-0° film presents a lamentable
EC performance with the contrast of only 15.2% and I'(;yp) of
09 cm®* C™'s7h

Figure 8 shows the optical microscope images of these two
flexible WO; films before and after 1000 repetitive bending

0° 0 bending

0° 1000 bending

75° 0 bending

75° 1000 bending

Figure 8. Optical microscope images of flexible WO;-0° and WO;-75°
thin films on PET/ITO before and after repetitive bending treatment
with a § mm radius of curvature.

treatment. The surface feature of nanostructured WO;-75° film
remains almost unchanged after bending. By comparison,
abundant cracks appear on the WO;-0° film surface, indicating
that the nanostructured WO; films exhibit excellent flexibility
and advanced mechanical stability, and the nanostructured

WO; films might be a hopeful candidate for high-performance
flexible ECDs.

Bl CONCLUSIONS

The flexible WO; nanocolumn films with both broadband AR
and outstanding EC properties were achieved by a convenient,
one-step GLAD method at room temperature. The WO,
nanocolumns possess higher transparency of 93.8% and lower
reflectance of 4.5% in the visible light range (400—800 nm),
higher color-switching speed (z. = 2.1's, 7, = 2.5 s), and more
flexible features (1000 bending cycles) as compared to those of
the dense WO; film. The primary causes of these improve-
ments lie in their intrinsic low refractive index (n, = 1.5) for
improved antireflection property, high porosity (58%), as well
as large active specific surface area for diminishing internal
stress and enhancing the interfacial reaction kinetics (D = 1.91
X 107 cm® s7'). The excellent EC performance, perfect AR
property, combined with superior flexibility make our GLAD
WO; nanocolumn-based device a potential candidate in low-
cost, high-performance flexible and transparent smart windows.
The design and one-step fabrication of a functional film with
both AR and EC properties may also provide an interesting
twist on the traditional ECD structure, which usually needs
extra AR coating (greatly increasing the fabrication cost of
ECDs) to improve the transparency and optical manifestation
of EC smart windows.
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