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Hydrothermal Formation of Tungsten Trioxide
Nanowire Networks on Seed-Free Substrates
and Their Properties in Electrochromic Device
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Abstract—Facile and cost-efficient hydrothermally grown 3-D
tungsten trioxide (WO3) nanowires (NWs) network film on seed-
free fluorine-doped tin oxide (FTO) substrates without using
additive or capping agent is reported. The NW networks are
hexagonal phase and the morphologies are changed by adjusting
the pH of precursor solutions. Growth mechanism of WO3 NWs
is also extensively discussed. The designed porous film exhibits
remarkable enhancement of the electrochromic (EC) properties.
In particular, a significant optical modulation (57% at 632 nm),
fast color switching speed (bleaching: 7 s and coloration: 21 s),
high coloration efficiency (120.3 cm? C~! at 632 nm), high Li*
diffusion coefficient (2.14 x 10~ em? s_l), and excellent cycling
stability (87% after 1000 cycles) are achieved for the 3-D NWs
film. The improved EC properties are mainly attributed to the
highly porous film, which makes the Lit diffusion becomes
easier and provides larger specific surface area for charge-
transfer reactions. Furthermore, we also reported an EC device
(50 mm x 50 mm) with a simple two-electrode configuration
showing high optical contrast. The 3-D WO3 NWs network film
acts as an excellent EC material.

Index Terms— Electrochromic device, growth mechanism,
nanowire, tungsten trioxide.

I. INTRODUCTION

ECENTLY, the worldwide shortage of oil has led to the

rapid rise of energy prices. Learning how to conserve
energy is one of the most important issues. Nowadays, most
of the people often spend a lot of time staying in the house.
In order to maintain the indoor environment comfortable,
energy consumption is gradually increasing. To date, switch-
able electrochromic (EC) windows have been widely projected
to significantly reduce the energy use of buildings [1]. Under a
small applied voltages, the EC window can reversibly change
their optical characteristics (i.e., coloration, transmittance),

Manuscript received September 5, 2013; revised December 31, 2013;
accepted January 8, 2014. Date of publication January 27, 2014; date of
current version May 1, 2014. This work was supported by the National
Science Council of Taiwan under Contract NSC 102-2623-E-009-006-ET.
Recommended for publication by Associate Editor A. Shapiro upon evaluation
of reviewers’ comments.

C. J. Hung and P. Lin are with the Department of Materials Science and
Engineering, National Chiao Tung University, Hsinchu 300, Taiwan (e-mail:
cjhung.mse97g @nctu.edu.tw; panglin@mail.nctu.edu.tw).

Y. H. Huang, C. H. Chen, and T. Y. Tseng are with the Department
of Electronics Engineering and Institute of Electronics, National Chiao
Tung University, Hsinchu 300, Taiwan (e-mail: kk916kk916@hotmail.com;
enjoylife428 @hotmail.com; tseng@cc.nctu.edu.tw).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCPMT.2014.2299554

allowing for the control of daylight, solar heat gain, and
internal heat loss through the buildings windows [2]. Over the
past few decades, tungsten trioxide (WO3) has been regarded
as the most promising inorganic EC material for its low cost,
relatively easy synthesis, low power consumption, and high
color contrast [3], [4].

It is well known that the color change in WOs3 is directly
related to the double injection/extraction of ions (i.e., HT,
Lit, K*, NaT, etc) and electrons in the WOj3 structure [5].
In particular, 1-D crystalline hexagonal WOs3 (hex-WO3)
showing the large tunnel structure has attracted recent exten-
sive attention since its electrochemical insertion/extraction of
ions into/from large tunnel structure is more easily exhibiting
better EC properties than the other phases [6]. Thus, it is
importance to prepare hex-WQO3 with well-controlled shapes,
sizes, and crystal structure for EC application.

Various 1-D hex-WO3 nanostructure growth methods,
such as hydrothermal synthesis [7], [8], microwave-assisted
hydrothermal method [9], solvothermal synthesis [10],
vapor transport method [11], and template assisted growth
method [12] have also been explored. However, hydrothermal
synthesis is the most widely used method because other
methods have their own characteristic drawbacks, including
relatively expensive, high temperature, using single crystal
substrate, under high vacuum conditions, and using dangerous
reagents.

Thus, the hydrothermal synthesis was regarded as a facile,
cost efficient, and universal synthetic method for preparing
nanostructure with desirable compositional, morphological,
and crystalline properties. Recently, much research has been
focused on using the additive or capping agent and seed layer
for the synthesis of 1-D hex-WOj3 nanostructures [13], [19];
however, those methods may be relatively complex in the
experimental procedure. There are currently great interests
to develop a technique to directly grow of 1-D hex-WOs3
nanostructures on seed-free substrates without using additive
or capping agent via hydrothermal method. But, it is still a
great challenge.

In this paper, we report a facile and cost-efficient hydrother-
mal approach for direct growth of 3-D hex-WO3 nanowire
(NW) networks on seed-free substrates without using additive
or capping agent. Different morphologies and nanostructures
can be obtained by varying the experimental parameters.
In addition, the morphology evolution and the growth mech-
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Fig. 1.
the as-synthesized WO3 NWs.

anism are also reported. Finally, we successfully fabricate
the high-performance EC device based on 3-D hex-WO3
NW networks.

II. EXPERIMENT

In this section, the optimal synthesis conditions for prepar-
ing WO3z NWs on fluorine-doped tin oxide (FTO) glass
substrate (20 mm x 30 mm in size) utilizing the seed-layer
free hydrothermal treatment are reported.

A. Material Synthesis

The precursor solution for hydrothermal treatment was
prepared as follows. Tungsten hexachloride powder (WClg)
was dissolved in isopropyl alcohol (C3H7OH) at 70 °C under
vigorous stirring for 24 h, giving a concentration of 40 mM,
and then sodium hydroxide (NaOH) was used to adjust the pH
value to 2.0, resulting in the formation of a transparent and
clear precursor solution. Subsequently, the as-prepared precur-
sor solution was transferred to a teflon-sealed stainless steel
autoclave. The FTO glass substrate (cleaned using ethanol,
and deionized water, sequentially) is placed upside down in
the above solution, and then the autoclave was sealed and
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(Color online) (a) SEM image. (b) XRD patterns. (¢) TEM image (insets: HR-TEM image and EDX spectrum, respectively). (d) Raman spectra of

maintained at 180 °C for 8 h for growing WO3 NWs. Once the
hydrothermal reaction was finished, the autoclave was cooled
down to room temperature naturally. At last, the as-deposited
substrate, 3-D WO3 NWs networks on FTO glass, was washed
by deionized water and dried at room temperature for further
characterization.

To further understand the relation between the precursor
solution pH value and the WO3 NWs growth, the different
precursor’s pH values of <1.0, 1.0, 3.0, and 7.0 compared
with 2.0 were carried out. In our experiments, the pH values
of precursor solutions were adjusted by two steps. First, the
initial pH value of the precursor solution was <1.0, then, it
was adjusted to different final pH values by adding various
amounts of NaOH.

B. Material Characterization

The field emission scanning electron microscope (SEM,
JEOL JSM-6700), high resolution transmission electron micro-
scope (Cryo HR-TEM, JEOL JEM-2010), and X-ray dif-
fractometer (XRD, Bede D1) were used to analyze surface
morphology and crystallization of the WO3 NWs, respectively.
Raman spectra of the as-synthesized WO3 NWs were recorded
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using a HR confocal Raman microscope (HOROBA, Lab
RAM HR). The laser excitation was provided by a regular
model laser operating at 632.8 nm.

The EC performances were measured between £1.0 V at
a scan rate varied from 10 to 100 mV s~! by cyclic voltam-
metry using CH Instruments 618B electrochemical analyzer.
Electrochemical measurements were carried out in a three-
electrode cell based on the prepared WO3 NWs on FTO glass
as working electrode, a saturated calomel reference electrode
as reference electrode, platinum sheet as counter electrode,
and 1 M LiClO4/propylene carbonate (PC) as electrolyte.
The coloration/bleaching switching behavior of WO3 NWs
on FTO glass were measured by in situ optical measurement
using an UV-vis spectrophotometer (Hitachi U-3010) at a
wavelength of 632 nm with alternately applying a square wave
voltage of £2.0 V, 100 s for each state.

Finally, an EC device (50 mm x 50 mm) was successfully
fabricated with a simple two-electrode configuration. Here,
WO3 NWs on FTO glass as working electrode and another
bare FTO glass as counter electrode were sandwiched together
with epoxy. Then, a mixture of polyvinylidene fluoride/lithium
perchlorate (LiClO4)/1-methyl-2-pyrrolidone/diethyl carbon-
ate/PC (5:11:70:7:7 wt%) as the gel electrolyte was injected
into the space between two electrodes, until all air was
replaced.

III. RESULTS AND DISCUSSION

The morphology and microstructural properties of
as-synthesized WO3 NWs were investigated. Fig. 1(a)
shows the typical top-view SEM surface morphology of
the WO3 NWs, synthesized via a hydrothermal method at
180 °C for 8 h when the pH value of the precursor is fixed
at 2.0. It is indicated that a random, porous, interwoven
continuous network of NWs deposited onto FTO glass
substrate. Each NW has a uniform diameter of 8 nm and

SEM images of WO3 NWs grown at different reaction times. (a) Bare FTO. (b) 10 min. (c) 30 min (inset: high-magnification image). (d) 1 h.

length ranging from one to several tens of nanometers. It
was suggested that WO3 with high porosity and structural
continuity can achieve fast and sufficient intercalation of
ions improving its coloration efficiency (CE) and switching
time [20].

Fig. 1(b) shows XRD patterns of the bare FTO substrate
and WO3 NWs. After subtracting the diffraction peaks of FTO
substrate, two main peaks at 26 around 23.3° (002) and 47.8°
(004) are observed for WO3 NWs. It is clearly confirmed that
the as-synthesized WO3 NWs has a hexagonal phase with
unit cell parameters of a = b = 7.324 A and ¢ = 7.662 A
(JCPDS # 85-2460). The sharp diffraction peaks indicate good
crystallinity of the as-synthesized products. In addition, the
strong (002) peak and weak (004) peak suggest that the WO3
NWs grow toward [001] direction and align with their c-axis
oriented growth. It was reported that the faster EC response
was due to the WO3-based EC film in a hexagonal structure
with large tunnels [21].

Fig. 1(c) shows the plane view TEM image of the as-
synthesized WO3 NWs. It indicates that the obtained NWs
have a typical diameter of ~8 nm. The surface morphologies
of the NWs are very rough, which increase their surface areas.
In addition, the HR-TEM image shown in the inset of Fig. 1(c)
shows the lattice d-spacing of 0.38 nm, which correspond to
the (002) crystalline plane of hex-WOs3, confirming that the
NW is c-axis oriented. This result is consistent with XRD and
SEM results.

Raman spectroscopy was used to investigate the vibrational
properties of as-synthesized WO3 NWs, as shown in Fig. 1(d).
It indicates that there are three main spectral regions in the
Raman spectra. The highest frequency ~950 cm™! shows the
WOt = O stretch from hydrates or cluster boundaries [22];
the second highest frequency from 600 to 800 cm™! relates
the WOT-O single bonds of the bridging oxygen atoms of
(WOg) octahedral units [23], and the low frequency region
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~200-400 cm~! correlates to W*T-O and W’T-O vibra-
tions [24], respectively. According to [25] and [26], these
results revealed that the as-synthesized products were pure
WO3 NWs with a hexagonal phase and no hydrated WO3
was found. Raman result is also consistent with the results of
XRD and TEM analyzes.

In order to further understand the formation process of WO3
nanostructure, identical starting solutions for the preparation of
NWs were hydrothermally treated for different reaction times
and their morphologies are shown in Fig. 2. Reaction times
were 10 min, 30 min, 1 h, 3 h, 8 h, and 12 h, respectively.
The morphology of the bare FTO substrate surface without
precoating is shown in Fig. 2(a). When the system is reacted
for 10 min, the amount of large irregular particles is formed
[Fig. 2(b)]. After 30 min of reaction, the products exhibit
bundle-like and irregular shapes, as shown in Fig. 2(c). From
the high magnification image [inset of Fig. 2(c)], the bundle-
like structure is constructed from the assembly of smaller
nanorods.

At a reaction time of 1 h, the bundle-like aggregates
transform into NWs and as-grown NWs are not uniform in size
and shape and some irregular particles appear in the products,
as shown in Fig. 2(d). With increasing growth time to 3 h, NWs
are scattered randomly on the substrate, and some spherical
aggregates NWs can be observed in Fig. 2(e). When the
reaction time prolonged to 8 h, the spherical aggregates

NCTU

SEM images of WO3 NWs obtained at various pH values. (a) <1.0. (b) 1.0. (c) 3.0. (d) 7.0.

eventually disappeared and keep on growing to the final NWs,
as shown in Fig. 1(a). Finally, the morphology of the NWs is
not significantly changed when prolonging the reaction time
to 12 h, as shown in Fig. 2(f). It is worth pointing out that
the pH increases rapidly within the first 1 h, then reaches to
a constant level of ~3.0 until the reaction finished.

Based on the results described above, we can easily
predict the possible formation mechanism based on the NWs
microstructural evolution through the variation of hydrother-
mal reaction time. During the hydrothermal synthesis of WO3
NWs, the chemical reactions occurred in the preparing process
are as follows:

WCls+6C3H;0H — W(OC3H7), + 6HCL (1)

hydroth 1
W (OC3H7)ggiony sk WOs(s) + 6(C3H)
+3HT+30H™ (2)

WO3() + OH™ — WO +H (pH > 2).  (3)

At the initial reaction stage, two chemical reactions
[(1) and (2)] occurred in the precursor solutions. When the
temperature exceeded the decomposition temperature of
W(OC3H7)¢, nucleation started and the WO3 crystal nuclei
were quickly formed and aggregated irregular particles on the
FTO substrate. It is well known that the nucleation rate is
determined by the exponential decay [27]. Hence, it undergoes
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Fig. 4. (Color online) (a) C-V curves of the as-synthesized WO3 NWs film recorded at 10, 20, 30, 50, and 100 mV s_l, respectively. Inset: peak current
density as a function of the square root of the scan rates. (b) Transmittance variation and switching time characteristics between the colored and bleached
states measured at +2.0 V for 100 s with a wavelength of 632 nm. (c) Variation of the AOD with the charge density (measured at 632 nm, —2.0 V bias).
(d) C-V curves of the as-synthesized WO3 NWs film for the 1000 cycles and measured in 1 M LiClO4/PC solution with a sweep rate of 50 mV s—L

a rapid nucleation within the first 1 h and then nucleation rate
slows down with increasing reaction time in our experiment.

Meanwhile, some WOs3 nuclei could be dissolved in
aqueous-like alkaline solutions to form tungstate ions, WO}[,
following (3) [28]. During the synthetic process, it is expected
that the dissolution rate increases rapidly within the first 1 h
due to rapid increase of pH and then it remains at constant
until the reaction is finished. However, tungstate ions (WOi_)
in solution reach the saturation level after hydrothermal treated
at 180 °C for 6 h, and then the dissolution rate will drop slowly
below critical level in a closed system until the reaction is
finished.

As described above, hydrothermal growth of WO3 NWs can
be divided into three periods in our experiment. In region 1,
where nucleation rate is much faster than dissolution rate,
WOs3 nuclei are rapidly formed from the precursors, which
further aggregates and formed by irregular nanoparticles
[Fig. 2(b)].

In region 2, where nucleation rate is less than dissolution
rate, it can be seen that the bundle-like NWs gradually
begin to appear, which are attributed to lateral dissolution
processes [Fig. 2(c)]. With increasing the hydrothermal time,
those bundle-like NWs begin to split with each other to form
NWs networks, and become thinner due to the continuous

lateral dissolution process [Fig. 2(d)]. In the meantime, the
nucleation and crystallization of NWs are still in progress in
a longitudinal direction. So, longer NWs could be synthesized
on increasing reaction time [Fig. 2(e)].

In region 3, where the nucleation rate is slightly faster
than dissolution rate, well-dispersed NWs are obtained leading
to a highly porous NW network structure [Fig. 1(a)]. On
the other hand, the small WO3 nanoparticles can also be
precipitated directly on the surface of as-grown NWs with
further increasing reaction time, which causes destruction of
NWs networks [Fig. 2(f)].

Influence of the precursor solution pH value on growth of
WOs3 nanostructure was also intensively investigated. Fig. 3
shows the typical SEM images of the as-synthesized WO3
products with different morphologies at various pH values.
When the growth is conducted at a low pH value (<1.0),
SEM result is shown in Fig. 3(a), some irregular particles
are formed. Increasing the pH to 1.0, plate-like nanostructure
is grown, as shown in Fig. 3(b). Fig. 1(a) shows large scale
uniform NWs nanostructure is deposited by controlling pH
value of 2.0. Finally, as the pH values are controlled from
3.0 to 7.0 and keeping other experimental parameters constant,
no precipitates are obtained [Fig. 3(c) and (d)]. These results
are consistent with previous report [16]. On the basis of
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after applying potentials. (d) Optical transmittance spectra for the EC device in the colored and bleached states.

microscopic results, we conclude that the pH value of the
precursor solution has a strong influence on the morphology
and crystal structure of the final products. The EC behav-
iors of the as-synthesized 3-D hex-WO3 NWs networks on
FTO-coated glass as a working electrode were evaluated on
the test cell of a traditional three-electrode electrochemical
workstation. Fig. 4(a) shows the C-V curves measured at
various scan rates of 10, 20, 30, 50, and 100 mV s~!
from —1.0 V (coloration) to 1.0 V (bleaching). All the
C-V curves appear almost a typical curve shape and well-
defined anodic peak, which is in agreement with previous
reports of proton insertion in WOs3 [29]. In addition, it is
also observed that when the scan rates increased, the anodic
current peak slightly shifted toward more positive potentials
(from —0.84 to —0.42 V). The above result indicates a lim-
itation in the charge-transfer kinetics [30]. It is regarded that
a charge-transfer resistance occurred due to slow activation
reaction rates on electron and Lit between electrode and

electrolyte, and transport limitation is a resistance caused by
retarded diffusion [31].

To further understand the relationship between the mobility
of ions and electrons, the dependence between current peak
and scan rate is plotted in the inset of Fig. 4(a). It indi-
cates that the peak current density i, exhibits a good linear
relationship with the square root of scan rate »'/%, which
illustrates a surface-confined redox process [32]. In addition,
the Lit diffusion coefficient can be calculated from a linear
relationship between i, and v'/2 according to the following
Randles—Sevcik’s equation:

ip = (2.69 x 10%)n3/2ACD/? /2 4)

where n is stoichiometric number of electrons involved in the
reaction, A is the area of the electrode (cmz), Cisthe Lit
concentration of the diffusion component (mol cm™3), D is
the diffusion coefficient of Lit (crn2 s_l), and v is the scan
rate of the applied potential (V s~!). For an area of 2 cm?
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and C = 1 M, the diffusion coefficient of the Litin the 3-D
hex-WO3 NWs networks-based EC film with LiClO4+ PC
electrolyte is calculated to be 2.14 x 1072 cm? s~ 1, even better
than the reported results [5], [33], [34]. It reveals that fast
ions transport can quickly and easily diffused into redox-active
species on the surface of each NWs. It is well established
that the 3-D hex-WO3 NWs networks-based EC film exhibits
excellent electrochemical behavior.

To evaluate the coloration; bleaching kinetic of the elec-
trode, in situ transmittance change is measured at a wavelength
of 632 nm with alternately applying potential of £2.0 V for
100 s, as shown in Fig. 4(b). The coloration and bleaching
times are defined as the time required for a 90% change in
the full transmittance modulation at specified wavelength. The
coloration time of 90% changes T, 909 is found to be 21 s
while bleaching time 7j, 909 is 7 s. The coloration/bleaching
times are better than those reported in the other similar studies
[51, [71, [34], [35]. The characteristics of 3-D hex-WO3 NWs
networks make them suitable for making EC devices. Fast
switching responses are attributed to the high surface area,
large hexagonal tunnels, and good interconnection network
of the WO3 NWs. This result implies that Li* can quickly
and easily inserting/extracting and migrates in large tunnels.
In fact, the switching response is highly dependent on the
diffusion coefficient of Li* and a high diffusion coefficient
also exhibits a faster response.

Another important consideration is the CE, which is
defined as the change in optical density (AOD) per unit
of charge (A Q) intercalated into the EC porous film. One
of the important parameters often used to evaluate EC
performance [40]. It can be calculated from the following
equations:

AOD

CE=—"" (5)
AQ

AOD = log 2 6

- (7) ©

where T and T, are the bleached and colored transmittance
values, respectively. Fig. 4(c) shows the plot of AOD versus
inserted charge density at a coloration potential of £2.0 V
and at a wavelength of 632 nm. The CE value is extracted
from the slope of the line fitted to the linear region of the
curve. As a result, the calculated CE value of EC film is
120.3 cm?> C~!, which is better than those reported work
[5], [18], [34], [36], [38]. The higher CE value indicates
that 3-D hex-WO3 NW networks with a very high specific
surface area provide good ion access with a high electrical
conductivity. An excellent EC material should maximize its
CE, corresponding to a large transmittance change induced by
a small amount of charge [39].

Furthermore, the long-term cycling durability of the EC
porous film is also investigated. C—V curves after a few initial
cycles of stabilization and optimization are recorded every
250 cycles at room temperature and the result is shown in
Fig. 4(d). Test is performed at a 50 mV s~ sweep speed
between +0.8 V. It is shown that there is no obvious change
in the current densities after 1000 cycles, only a slight reduc-
tion (~87% of the initial value) appears indicating excellent
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cycling durability of the 3-D hex-WO3 NWs networks-based
EC film.

Finally, we fabricated an EC device (50 mm x 50 mm) with
a simple two-electrode configuration as preliminary investiga-
tion, as shown in Fig. 5(a). The 3-D hex-WO3 NWs networks
were coated onto FTO glass as one electrode. Then, the
designed gel electrolyte was spread on the bare FTO glass
as a counter electrode and two electrodes were sandwiched.
To prevent leakage, an epoxy resin was applied to seal the
device. Such EC device operating at biases of +2.0 V reveals
a good contrast between the bleached [Fig. 5(b)] and colored
[Fig. 5(c)] states, which leads to the obvious transparence
changes [Fig. 5(d)]. We believe that the device shows promis-
ing applications in energy saving with smart windows.

IV. CONCLUSION

In summary, 3-D hex-WO3 NWs network film was
successfully coated on seed-free FTO substrates without using
additive or capping agent by using a facile and cost-efficient
hydrothermal approach. It is shown that the hydrothermal
reaction time and pH of the precursor solutions both have
a significant influence on the orientation and morphology of
as-prepared WO3 products. The XRD, HR-TEM, SEM, and
Raman spectroscopy investigations all evidenced the good
hexagonal structure, crystallinity, and highly porous structure
with large surface area of the NWs film. It reveals that fast
ions transport can quickly and easily diffused into the storage
sites of the porous film. The 3-D hex-WO3 NW networks
have a high Lit diffusion coefficient 2.14 x 10~ ¢cm? s!,
which results in having a significant optical modulation
(57% at 632 nm), fast EC response time (coloring time
~21 s, bleaching time ~7 s), and outstanding high coloration
efficiency ~120.3 cm? C~!. Besides, the EC device exhibits
high stability, which is ~87% of the initial current density
after 1000 cycles, indicating the excellent cycle durability.
Furthermore, an EC device (50 mm x 50 mm) with a
simple two-electrode configuration was successfully fabricated
using an epoxy resin to seal the device, which shows high
optical contrast after operating at +2.0 V biases. Our designed
3-D hex-WO3 NW network film using a facile hydrothermal
method exhibits large optical modulations, fast switching
times, and long cyclic stabilities, suitable for large-area smart
window application.
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