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Currently, the electrochromic technology is still facing problems of high-cost and inadequate
electrochromic performance. The WOs film prepared by the conventional hydrothermal method usually
needs a crystal seed layer to be prepared on the substrate, which incurs additional energy consumption
and retards electron transport. This paper presents a novel idea of a one-step hydrothermal synthesis
combining the self-seeded agent glycerol with the capping agent ammonium sulfate ((NH4)>SO4), which
avoids the need for a complex preparation process and significantly enhances cyclic stability. Under the
synergistic effect of the glycerol and (NH4),SO,, the resultant hexagonal system WOz (hex-WOs3) film
exhibited a novel “coral-like” nanostructure and showed excellent electrochromic properties: a fast
switching time (6/5 s for bleaching/coloration), a good coloration efficiency (56.5 cm? C™%), and a large
optical modulation (~78.1%) at 630 nm by applying +1 V voltages. More importantly, the film obtained an
outstanding cyclic stability (15000 cycles without significant decay). Additionally, an electrochromic
device (ECD) was successfully assembled, exhibiting fascinating performances, in which Prussian blue
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Introduction

Electrochromism is a phenomenon whereby the optical prop-
erties (reflectivity,' absorptivity,> transmittance®) of materials
change steadily and reversibly with an applied electric field. In
terms of appearance, electrochromic materials show reversible
changes of color and transparency. Therefore, electrochromic
materials exhibit high practical application value, including in
energy efficiency windows,** electrochromic display devices,>®
no glare automobile rear-view mirrors,” and so on.* In the field
of electrochromism, WO; is one of the most widely studied
electrochromic materials due to its characteristics of a high
coloring efficiency, large contrast ratio, and good cycling
stability.’ The WO; electrochromic film can achieve a mutual
transformation from colorless to deep blue by the intercalation/
de-intercalation of cation ions (H', Li", Na*, K')**** and elec-
trons. Moreover, in infrared wavelength, the WO; film also
displays good electrochromic performance, which enables WO,-
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(iron(i) hexacyanoferrate(i), PB) was used as a complementary electrode.

based ECDs to achieve higher promise in applications for
energy-saving buildings.****

Recently, the hydrothermal technology used to synthesize
tungsten oxide crystal has attracted wide attention due to its
low-energy consumption, simple preparation equipment, and
as no special environment is required.’®"” In the hydrothermal
process, WO; films with different nanostructures'®'**" can be
accurately and easily obtained by controlling the reaction
concentration, temperature, and time,” pH value,”** or by
choosing different capping agents.> Nevertheless, because WO;
has a relatively high lattice mismatch with FTO,*® growing
a WO; film by the hydrothermal method usually requires
a crystal seed layer on FTO-coated glass to be prepared utilizing
spin coating and sintering technology (~400 °C), which incurs
extra energy costs and limits its commercial production. More
importantly, grain boundaries, existing in the nanocrystalline
seed layer, can retard electron transport.”” Hitherto, only a few
research studies about the use of self-seeded hydrothermal
technology to synthesize a WO; film on FTO-coated glass have
been performed.””** These works have indicated that a WO,
film can directly grow on FTO-coated glass with hydrogen
bonding forces and some physical adsorption forces. However,
all of the WO; films prepared this way display relatively poor
cyclic stability (only a few thousand cycles). Hence, there is
a pressing need to develop a facile and low energy-cost strategy

This journal is © The Royal Society of Chemistry 2019
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to prepare high-performance WO; electrochromic films, but
this remains challenging.

Glycerol with three hydroxyl (-OH) groups and a short chain
structure is a promising self-seeded agent that can improve the
adhesion of a film with FTO-coated glass, but it hasn't been
reported to date. One possible reason for this is given by Qi Ji
and co-workers,* who researched the effects of different mole-
cules on crystal growth, and found that the number of -OH
groups could affect the growth of oxide crystals and that
molecules with three -OH groups would cause the crystal to
grow and stack in a three-dimensional (3D) direction. Thus,
glycerol can make the WO; film obtain a compact stacking
structure, which is very bad for ion transport. Fortunately, it is
easy to control the crystal growth trend under hydrothermal
conditions by choosing different capping agents, such as urea,*
oxalic acid,*® and sodium sulfate,* which makes it clear that
choosing the appropriate capping agent to improve the crystal
structure of the film affected by polyhydroxy molecules is
a hopeful strategy.

In this work, hex-WO; films were directly synthesized on
FTO-coated glass by a novel low-temperature (120 °C) glycerol-
assisted hydrothermal method, in which (NH,),SO, served as
a capping agent to further control the crystal growth efficiently.
The resultant hex-WO; film exhibited a novel coral-like nano-
structure and outstanding cyclic stability, which indicated that
there was a strong adhesion between WO; films and FTO.
Simultaneously, the film also showed broad optical modulation,
a fast switching speed, and good coloration efficiency. For
a deeper understanding, we explored the synergistic mecha-
nism of a self-seeded agent and capping agent on film growth
and on the electrochemical and electrochromic properties.
Finally, an assembled ECD exhibited excellent electrochromic
performances, which demonstrated the application potential of
the prepared WO; film in the ECD field.

Results and discussion
Crystal structure

According to reports,'®**3** the amount of capping agent is an
important factor for crystal growth. In this work, glycerol with
a constant mass was designed to explore the self-seeded growth
phenomenon of a WO; film on FTO-coated glass. Meanwhile,
a quantitative research method, which is an important experi-
mental means, was used to discuss the effect of different
amounts of (NH4),SO, on crystal growth. In hydrothermal
solution, the stoichiometry of the (NH,),SO, and tungsten
atoms was controlled to 0:1,2:1,4:1, 6: 1, and each of the
films was denoted as W-ASO (0 mmol), W-AS2 (2.1 mmol), W-AS4
(4.2 mmol), W-AS6 (6.3 mmol). Also, crystal seed layer assisted
film prepared under the same conditions as the W-AS4 film was
denoted as W-AS4_seed. Additionally, the sample prepared with
only de-ionized water without glycerol and (NH,),SO, was
denoted as the pure-H,O sample. The detailed experimental
preparation process is explained in the Experiment part.

To determine the crystal structure and possible phase
changes in different hydrothermal conditions, XRD patterns for
the FTO-coated glass with and without WO; films are shown in

This journal is © The Royal Society of Chemistry 2019
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Fig. 1a. The XRD diffraction peaks of the blank FTO-coated glass
clearly correspond to JCPDS no. 41-1445, and were found at the
same positions in all films, marked here as “V” in order to
distinguish them. The XRD pattern of the W-ASO film could be
indexed to orthorhombic WO;-0.33H,0 (ort-WO3-0.33H,0) on
JCPDS no. 87-1203. With the addition of (NH,4),SO,, the XRD
patterns of W-AS2, W-AS4, and W-AS6 films correspond to
JCPDS no. 85-2459, which verifies that hex-WO; was obtained.
Nevertheless, for the W-AS6 film, the XRD peaks' diffraction
intensity are clearly very low. Under hydrothermal conditions
where (NH,),SO; exists, the SO,>~ ions can be absorbed on the
faces parallel to the c-axis, which can form strong energy
barriers to control crystal growth along the [001] face.'*?>>**
Meanwhile, as the crystal grows, NH," ions can be inserted into
the ion tunnels of hex-WO; crystal, which makes the growth
ability of the [001] face stronger than that of the other faces.*
Therefore, under the mutual action of SO,>~ and NH," ions, the
XRD peaks' diffraction intensity of the (002) crystal face in the
prepared hex-WO; films is enhanced, which demonstrates the
action of (NH4),SO, controlling the crystal growth in the
glycerol-assisted hydrothermal process. However, superfluous
S0,>” ions absorption is unfavorable for crystal growth as it
induces poor crystallinity for the W-AS6 film. Moreover, exces-
sive (NH,4),SO, can also make the energy of growth on the (100)
and (001) faces comparable, resulting in a greatly weakened
anisotropic growth of the WO; crystal.**

The ort-WO;-0.33H,0 phase is very sensitive to the prepa-
ration condition, which can be synthesized at a hydrothermal
temperature of 120 °C.*”?** Some studies®****” revealed the
crystal structure of ort-WOj;-0.33H,0, which consists of two
types of corner-sharing WO, octahedra (Fig. 1b). Type I includes
six oxygen atoms surrounding the central tungsten atom and
can connect six different octahedra through corner-sharing;
while in type II, two of the oxygen atoms are replaced by
a shorter terminal W=0 bond and a longer W-(OH), bond,
respectively. It is impossible for these oxygen atoms to bond to
other W atoms covalently. Therefore, for the ort-WO;-0.33H,0
crystal, the upper and lower layers can only be bonded by
dislocation, which leads to a relatively weaker interaction
between adjacent layers.>*>¢

The NH*" ions play a vital role in constructing hex-WO;
nanostructures with the addition of (NH,),SO,4.****** The crystal
structure of hex-WO; (Fig. 1b) consists of only type I octahedra,
whose corner-sharing oxygen can be bonded not only in the c-
axis direction but also in the ab-plane, which is very different
from ort-WO;-0.33H,0.* Through the connection of these WO¢
octahedra, a hexagonal window and trigonal cavity can be
formed in the c-axis direction, constituted by six-membered
rings and three-membered rings, respectively. Meanwhile,
a four-coordinated square window can also be found in the ab-
plane direction.**™*” All of these structures in hex-WO; can act as
tunnels to transport Li* ions. Because the Li* ion has a small
ionic radius, it can be accommodated by the trigonal cavity after
transporting through the hexagonal window and four-
coordinated square window. Moreover, for the deintercalation
process, the Li" ion also has an ordering phenomenon from the
trigonal cavity to the four-coordinated square window, to the
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Fig.1 (a) XRD patterns for FTO-coated glass and WOs films with different amounts of (NH,4),SO4; (b) schematic illustration of the orthorhombic
WOs3-0.33H,0 and hexagonal WOs crystal structures: top and side view of the crystal structure, octahedra of type | and type II.

hexagonal window, and then extracted from the WO; crystal.****
However, for the ort-WO;-0.33H,0 crystal, the dislocation
arrangement of each layer results in a relatively small number of
tunnels. Therefore, hex-WO; with more ion tunnels and an
orderly ion transport process make it easier to transport Li* ions
than in the case of ort-WO;-0.33H,0, which was reflected in the
subsequent electrochemical tests.

Thus, it can be known that under the glycerol-assisted
hydrothermal condition, (NH,4),SO, contributes to controlling
the anisotropic growth of the crystal and the formation of the
hexagonal structure, which are favorable for performance
improvement.

Formation mechanism

In order to understand the self-seeded growth mechanism, the
pertinent synthesis processes for hex-WO; and ort-
WO;-0.33H,0 crystals are discussed in the ESI (Scheme S1t).
The polycondensation precursor monomers of the WO; crystal
have -OH groups, and thereby other -OH and carboxylic
(-COOH) groups can connect with the crystal nucleus by
forming a hydrogen bond.**~*° Moreover, the surface of the FTO-
coated glass, which was characterized by Fourier transform
infrared (FT-IR) spectroscopy (Fig. S17), was active and rich in
—-OH groups. Therefore, as shown in the schematic diagram of
Fig. 2f, glycerol possibly served as a bridge to connect the WO,
crystal nucleus with FTO. Owing to the formation of hydrogen
bonding force and other physical adsorption effects, the WO,
film could be effectively attached to the FTO-coated glass. As
shown in Fig. S2,f it was confirmed via a simple grid-sticking
method that glycerol could strengthen the adhesive force
between the WO; film and FTO.

13958 | J. Mater. Chem. A, 2019, 7, 1395613967

Fig. 2a—-e show SEM images of the resultant WO; films, which
can aid understanding the action of glycerol and (NH,),SO, in
the film growth. Because the pure-H,O film is an orthorhombic
crystal system (Fig. S31) and the crystal was grown under free
conditions without interference from molecules or ions, its
nanostructure (Fig. 2a) shows a “brick” shape. When the glyc-
erol takes part in the hydrothermal reaction, irregular lamellar
structures appear and stack into ‘spindle-like’ nanostructures
because of the hydrogen bond action and the increase in the
hydrothermal solution viscosity. The lamellar crystals with
larger area are more likely to bond to other lamellar crystals,
which results in them being in the middle of the spindle-like
nanocrystals. With the addition of (NH,4),SO,, the crystal type
changes from an orthorhombic crystal system to a hexagonal
crystal system, and the crystal H,O is simultaneously lost. In the
hexagonal crystal system, SO,>~ ions are used as a capping
agent to form nanorods.'®*>** The nanorods of the W-AS2 film
self-assemble into a small sheet shape, possibly due to the
formation of hydrogen bonding by glycerol under high-pressure
conditions. For W-AS4 film, the effect of glycerol on the nano-
rods is dramatically reduced due to the greater SO, ions
adsorption, which leads to one end of the nanorods gathering
together and forming a coral-like nanostructure. The formation
of compact nanospheres in the W-AS6 film indicates poor
crystallinity, which was similar to the result from the XRD
characterization. For a clearer understanding, simple schematic
diagrams of crystal growth with different types and different
quantities of additives are shown in Fig. 2f. Moreover, the cross-
sectional SEM images are shown in Fig. S4,T which exhibits the
undulating morphology of the WO; films. The thickness of the
W-AS0, W-AS2, W-AS4, and W-AS6 films were about 1.11 pum,
1.88 um, 1.58 um, and 0.81 um, respectively.

This journal is © The Royal Society of Chemistry 2019
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inset shows the real coral photo, (e) W-AS6; (f) schematic illustration of the process of glycerol self-seeded growth, and the nanostructure of

WOs films with different types and different quantities of additives.

The W-AS4 film obtained the best crystallinity of the hexag-
onal crystal and displayed a novel coral-like nanostructure,
while its dendritic structure can supply more redox reaction
sites. The outstanding performance of the W-AS4 film is dis-
cussed later in the electrochemical and electrochromic analysis.
W-AS4 films were grown at different times in order to explore
the growth process, with their SEM images and XRD patterns
shown in Fig. 3a-e, respectively. The characterizations manifest
the approximate process of self-seeded and crystal growth
control. Here, a crystal seed layer was first formed after 30 min
hydrothermal reaction, which was proved to be amorphous by
the XRD pattern. Second, when the time reached 70 min, the
film obtained a low crystallinity, which confirmed that the
crystal had begun to grow. After that, the WO; crystal gradually
grew and the short nanorods clustered into irregular rod-like
shapes at 110 min. When the hydrothermal reaction pro-
ceeded for 150 min, the coral-like nanostructure with a good
crystallinity was obtained, for which the TEM images are shown
in Fig. 4c and d. As exhibited in the low-magnification image, it
can be seen that the coral-like nanostructures were formed
through the gathering of one end of the nanorods with diam-
eters of about 10 nm. The HRTEM image of the nanorods
confirmed the spacing of the lattice fringes to be 0.383 nm,
which correspond to the (002) lattice planes of hex-WO; (JCPDS
no. 85-2459). Thus, these short nanorods formed after

This journal is © The Royal Society of Chemistry 2019

hydrothermal reaction for 110 min and gradually grew along the
[001] crystal plane, forming the dendrites of the coral-like
nanostructure under the effect of SO,>~ and NH," ions. Addi-
tionally, the TEM images of W-ASO powder are shown in Fig. 4a
and b. In the HRTEM image of the spindle-like nanocrystals, the
lattice fringes at 0.369 nm and 0.318 nm correspond to the (200)
and (040) crystal planes of ort-WO;-0.33H,0O (JCPDS no. 87-
1203), respectively. Therefore, this can further distinguish the
ort-WO0;-0.33H,0 from the hex-WO; crystals.

As discussed above, glycerol can make the WO; film directly
grow on FTO-coated glass but a good crystallinity can only be
got by adding the proper amount of (NH,),SO,. Moreover, it
takes 150 min to form the coral-like nanostructure. Accordingly,
the adverse effect of glycerol on crystal growth has been
successfully avoided, and a fluffy and porous morphology is
formed, which could prove the notion that directly growing
WO; film by the synergistic effect of self-seeded and capping
agents is a feasible strategy.

Comparative analysis of electrochemical properties

Cyclic voltammetry (CV) tests were carried out between —1.0 V
and +1.0 V at a scan rate of 50 mV s~ '. The results are shown in
Fig. 5a, including the CV curves of the W-AS0, W-AS2, W-AS4, W-
AS6, and W-AS4_seed films. The areas of the CV hysteresis
curves increases with the moderate addition of (NH,),SO,,

J. Mater. Chem. A, 2019, 7, 13956-13967 | 13959
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Fig. 3 (a) XRD patterns for FTO-coated glass and W-AS4 films with different growth times; SEM images of W-AS4 films on FTO-coated glass with

different growth times: (b) 30 min, (c) 70 min, (d) 110 min, (e) 150 min.

which proves that more Li* ions can intercalate/de-intercalate
from the film, especially in the W-AS4 film. Furthermore, the
onset potential of the cathodic current for the W-AS4 film was
strongly shifted in a positive direction when compared with the
other films, that is to say, Li"-ion insertion can be achieved at
a relatively low applied voltage.** It was shown from the XRD
and SEM analyses that under the effect of an appropriate
addition amount of (NH,),SOy,, the hexagonal structure with the
porous coral-like nanostructure is formed. Moreover, the
specific surface area of each structure was tested by nitrogen (77
K) adsorption and the results are shown in Table S3.} It should
be noted that due to the low yields of W-AS6 powder with low
crystallinity, the surface area could not be tested. It was found
that the specific surface area of the W-AS4 structures was 22.5
m?® g~ . Clearly, the specific surface area of the W-AS4 structure
was bigger than for the other structures (10.1 m”> g~ * for W-ASO,

13960 | J Mater. Chem. A, 2019, 7, 13956-13967

10.3 m> g~ for W-AS2), which means it can contribute more
active sites for oxidation-reduction reactions.* The process of
Li™-ions intercalation/de-intercalation is roughly divided into
three steps: (1) the electrolyte solution infiltrates into the film;
(2) the ions are transported in the film; (3) the ions intercalate/
de-intercalate from the crystal through the lattice tunnels. Both
(1) and (2) are attributed to the porous nanostructure of the
film, while the last one is determined by the crystal structure
and crystallinity. Therefore, the W-AS4 film is dominant in all of
these three steps, because it has the most ideal hexagonal
crystal structure and coral-like nanostructure which can provide
more active sites for the redox reactions compared with the
other films, resulting in more efficient Li"-ion mobility.

It was found that there are two pairs of redox peaks in the CV
curves of WO; films, which is attributed to the two main types of
ion-injection sites: active sites (reversible) and trap sites

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 TEM images of W-ASO powder: (a) low-magnification image, (b) HRTEM image; TEM images of W-AS4 powder: (c) low-magnification

image, (d) HRTEM image.

(reversible to shallow traps and irreversible to deep traps).***° In
addition, with the appropriate increase in (NH,),SO, content,
the potentials of the oxidation peak shift in the positive direc-
tion and become broadened, but the peak-current of the W-ASO
film is bigger than that of the W-AS2 film. The same phenom-
enon has also been reported in other works,”*** and the
reason for it can be that W-AS2 film contains a higher amount of
redox centers, which are more distant from the FTO layer and
thus have a different electrochemical neighborhood.?” However,
for the W-AS4 film, the above influence is weakened due to the
ordered ion-transport tunnels and more active reaction sites,

o

— W-AS0O
— W-AS2
— W-AS4
— W-AS6
—— W-AS4 seed

Current density ( mA/cmz)

10 05 00 05 10
Voltage (V vs. Ag/AgCl)

thus it exhibited the largest current densities (high exchanged
charge densities) compared with the other films.

To further understand the charge transfer and Li'-ion
mobility of the as-prepared WO; films during the electro-
chemical process, EIS measurements were conducted in three-
electrode systems with an AC voltage of 5 mV in a frequency
range of 0.01 Hz to 100 kHz in their bleached state. Fig. 5b
shows the EIS results, which consist of semicircles in the high-
frequency region and straight lines in the low-frequency region,
respectively. Generally, a larger semicircle means a larger
charge-transfer resistance, and a lower slope is related to
a higher ion-diffusion resistance.”® Compared with the other

v
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Fig. 5 (a) CV curves of WOs films synthesized under different hydrothermal conditions; (b) electrochemical impedance spectroscopy (EIS)
results (inset: high-frequency region) of WOs films synthesized under different hydrothermal conditions.

This journal is © The Royal Society of Chemistry 2019
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films, the W-AS4 film had a smaller semicircle radius at high
frequency and a higher slope at low frequency (Fig. 5b), indi-
cating that the W-AS4 film achieves a lower charger-transfer
resistance and faster ion-transport rate, which was the same
as the CV analysis results. It is worth noting that the W-
AS4_seed film had a relatively larger semicircle than the W-
AS4 film in the low-frequency region, and lower anodic and
cathodic current peaks in the CV curve, which confirmed the
retardation effect of the crystal seed layer on electronic
transport.

Step chronoamperometric cyclic tests were used to compare
the stability of the films, and the results are shown in Fig. S6a-
d.t The W-AS6 film showed the worst stability compared with
the other films and began to drop sharply after 100 cycles, which
was due to the poor crystallinity.**** Stemming from the ort-
WO;-0.33H,0 crystal structure and dense spindle-like
morphology, the current in the W-ASO film began to drasti-
cally reduce after about 300 cycles. In addition, both the W-AS0
and W-AS6 films shed current after hundreds of cycles, which
was likely a consequence of the sharp volumetric change of the
WO; crystal and increased stress during the process of Li*-ions
intercalation/de-intercalation.® However, the W-AS2 and W-AS4
films still maintained good performance after 1000 cycles, but
the current in the W-AS2 film gradually decreased with the
increasing number of cycles. Different from the W-AS2 film, the
current in the W-AS4 film gradually increased over 1000 cycles,
indicating that the W-AS4 film was still in the activation stage
within at least 1000 cycles, which could be attributed to its large
accessible surface area and multi ion tunnels crystal structure,
which makes it able to accommodate more Li" ions and to bear
the impact stress from the ions. The step chronoamperometric
cyclic test of W-AS4_seed film is given in Fig. S8, which indi-
cates that the W-AS4_seed film has a similar activation stage in
1000 cycles.

Electrochromic properties of W-AS4 film

As in the above investigation, the W-AS0, W-AS2, and W-AS6
films showed relatively poor electrochemical stability perfor-
mances because their nanostructures had less robustness
during the electrochemical process. For this reason, only the W-
AS4 film and W-AS4_seed film were selected to further investi-
gate the electrochromic properties. The electrochromic prop-
erties were measured after the film electrodes had been
subjected to CV testing for 10 cycles. Fig. 6a displays the
transmittance spectra of the W-AS4 film in colored and
bleached states at wavelengths from 350 nm to 1100 nm, with
—1.0 Vand +1.0 V applied for 25 s, respectively. The color of the
W-AS4 film changed from transparent (bleached state) to dark
blue (colored state) reversibly. This process is in accordance
with intercalation (de-intercalation) of the Li' ions and elec-
trons into (out from) the WO; films:
WO3 + XLi+ + xe~ \—LI\WO3

(transparent) (deep blue)

At 630 nm wavelength, the W-AS4 film exhibited a huge
transmittance variation (A7) of ~78.1% at £1.0 V voltage, which
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is better than reported in most works using the hydrothermal
method (see Table 1). Fig. 6e presents the digital photographs of
the W-AS4 film at different voltages. By polarization at different
voltages, the film achieved a uniform color change (Fig. 6e). In
particular, when a —2.0 V voltage was applied to the film, its
color was almost black, while a +2.0 V voltage made the colored
film turn back to its initial transparent state. Additionally, the
electrochromic performance of the W-AS4_seed film is given in
Fig. 89,7 and could be compared with the W-AS4 film.

The switching time is an important factor to evaluate the EC
property, and is usually defined as the time required for a device
to reach 90% of full optical modulation. Step voltages of +1.0 V
and —1.0 V were applied to the bleached and colored processes,
respectively. Fig. 6b presents the relationship between the time
and transmittance variation at 630 nm wavelength, and the
coloration time (¢.) was 5 s, while the bleaching time (#,) was 6 s.
Because of the ideal hexagonal crystal structure and porous
morphology, the W-AS4 film obtained a fast switching speed,
which was comparable with other WO; films obtained using
crystal-seed-assisted or self-crystal-seeded hydrothermal
methods (as shown in Table 1).

The coloration efficiency (CE) is a characteristic parameter
for evaluating the electrochromic property and is defined as the
change in optical change (AOD) at a specific wavelength per unit
charge density (AQ) in the coloring process. This parameter can
be calculated using the following eqn (1):

CE = AOD/AQ = log(Ty/T:)/AQ (1)

where T}, and T, refer to the bleached and colored transmittance
values at a special wavelength, respectively. Fig. 6¢c shows the
AOD value at a wavelength of 630 nm versus the inserted charge
density at —1.0 V. With increasing the AQ, the AOD value
reached ~1.8 when the coloring process reached a steady state,
which disclosed that the W-AS4 film could achieve a deep
coloration with charge injection. The CE value for the W-AS4
film was 56.5 cm> C~* by calculation using eqn (1).

The cyclic stability of the electrochromic film is a crucial
factor currently limiting the future practical application of
electrochromic materials. It can be seen from Fig. 6d that the W-
AS4 film was still in an active state for about 3000 cycles
(maximum increase by ~4.9% compared with the initial stage).
Some similar examples of the phenomenon of the electro-
chemical activation process can also be found in other
works.**® The reason for this phenomenon can be attributed to
the removal of NH,' ions from the WO; crystal lattice, which
allows more Li" ions to participate in the electrochemical
reaction. However, further research is needed to prove this
guess. After the active stage, the optical modulation perfor-
mance of the W-AS4 film reached a stable state. By prolonging
the number of cycles to 15 000, the AT of the film maintained
a large value (~78.9%) without any significant decay. To the best
of our knowledge, few works have reported WO; electrochromic
films prepared by hydrothermal techniques able to achieve such
a high cycle stability. Some comparisons with other reports are
shown in Table 1. The possible reasons for the fascinating cyclic
stability are as follow: (1) the three -OH groups and short chain

This journal is © The Royal Society of Chemistry 2019
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Fig.6 (a) UV-vis transmittance spectrum of the W-AS4 film in colored and bleached states between 350 nm and 1100 nm; (b) switching time and
transmittance variation curves between colored and bleached states at 630 nm, +1.0 V bias; (c) variation of the optical density (AOD) versus
charger density (Q) of the W-AS4 film; (d) cyclic stability test of the W-AS4 film for coloration and bleaching at 630 nm, £1.0 V; (e) digital

photographs of the W-AS4 film at different states.

structure of glycerol make the WO; film adhere to the FTO
firmly; (2) during the process of Li'-ions intercalation/de-
intercalation, the coral-like nanostructure of the W-AS4 film
can endure the expansion/contraction deformation of the film
and the impact stress efficiently, which is attributed to its fluffy
porous morphology and the possible interlocking force between
dendrites (as shown in Fig. S10%); (3) the hexagonal crystal
structure of the W-AS4 film provides many ordered ion channels
to facilitate the ions being transported efficiently.

To sum up, the electrochromic behavior of the WO; film is
correlated with its crystal structure and nanomorphology.'® For
the W-AS4 film, the hexagonal windows, four-coordinated
square windows, and trigonal cavities existing in the hexag-
onal crystal structure can act as Li*-ion transport tunnels, which
leads to a large ion-diffusion coefficient. Meanwhile, the porous
coral-like nanostructures efficiently promote the insertion and
extraction of Li* ions from the film. Therefore, the W-AS4 film

This journal is © The Royal Society of Chemistry 2019

possesses a large number of active sites for electrochemical
reactions and a sufficient number of Li* ions can be used as
electrochemical reaction substances, which indicates the
strategy of combining a capping agent with a polyhydroxy self-
seeded agent used to directly grow WO; film could achieve
ideal results.

Performance of ECD

In order to further investigate the application of the W-AS4 film
in ECD, a prototype device consisting of a W-AS4 film working
electrode, PB film ion storage layer, and 1 M LiClO,/PC elec-
trolyte was assembled. The PB film was chosen as an ion storage
layer due to its complementarity with the WO; electrochromic
material, and its electrochemical properties are presented in
Fig. S11.F Fig. 7a and b show the UV-vis transmittance spectrum
and a digital photograph of the device, respectively. When

J. Mater. Chem. A, 2019, 7, 13956-13967 | 13963


https://doi.org/10.1039/c9ta01333d

Published on 05 April 2019. Downloaded by University of Electronic Science & Technology - China Trial on 5/8/2025 11:28:51 AM.

View Article Online

Journal of Materials Chemistry A Paper
Table 1 Partial list of references on the properties of hydrothermal-based WO3 electrochromic films (LiClO4/PC electrolyte)
Hyd“ [°C h™!] Ann® [°C h™'] Vel Vi© [V] AT/WI? [%/nm] T/ Ty [s] Cyclic stability Ref.
120/2.5 — —1.0/+1.0 78.1/630.0 5.0/6.0 After 15 000 cycles without significant This work
decay of AT
120/2.0 — —3.0/+3.0 30.0/632.8 26.0/5.5 After 1000 cycles without significant 27
decay of PKC®
120/2.0 400/2.0 —0.57/+0.64 64.7/630.0 1.0/1.0 After 5000 cycles without significant 30
decay of CV current
180/18.0 — —0.8/+0.8 45.0/754.0 7.9/4.8 After 2000 cycles without significant 29
decay of CV current
180/4.0 — —2.0/+2.0 58.0/633.0 7.6/4.2 After 500 cycles without significant decay 16
of AT
180/12.0 — —3.0/+3.0 68.0/632.8 9.3/5.7 After 500 cycles without significant decay 10
of AT
180/12.0 — —2.0/+2.0 66.0/632.8 6.7/3.4 After 1000 cycles without significant 18
decay of CV current
180/3.0 — —1.5/+1.0 86.0/600.0 19.0/6.2 AT remaining was 86.8% after 5500 61
cycles

“ Hyd: hydrothermal technology. ” Ann: annealing technology. ¢ V,/Vi,: the voltage of coloring and bleaching.  AT/WI: the transmittance variation of

colored and bleached states, the wavelength of optical modulation. ¢

applying voltages of —1.0 V, —2.0 V, and —3.0 V, the device
displayed a uniform color change from transparent to deep blue
and a large optical modulation range from 350 nm to 1100 nm
wavelength. The switching time and transmittance variation
curve are shown in Fig. 7c, in which the ECD exhibited a large
AT of ~77.8% and a short switching time (14/5 s for bleaching/
coloration) at 630 nm. It is noteworthy that the ECD had
a relatively low bleaching speed, which was different from the
W-AS4 film. As is well known, both the electrochromic layer and

‘

Bleached state
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PKC: the peak current of colored and bleached states.

ion storage layer can affect the switching speed of the ECD. As
shown in Fig. S11,t the bleaching time (6 s) of PB was longer
than the coloring time (2.5 s), which led to a relatively slow
oxidation-reduction reaction speed for the ECD in the bleach-
ing process. By calculating the AOD and AQ values, the ECD
obtained a CE value of 213.9 cm?® C™'. Overall, this device
exhibited outstanding electrochromic properties, which suggest
the promising application of W-AS4 films in smart windows and
other fields.
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Fig.7 The performance tests of the fabricated ECD (4.0 cm x 6.0 cm):
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(a) digital photograph in the colored and bleached states under different
ed states under different voltages; (c) switching time and transmittance

variation curve between the colored and bleached states at 630 nm, +2.0 V, 50 s each stage; (d) variation of the optical density (AOD) versus the

charge density (Q).
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Conclusions

In summary, a novel idea is presented to simplify the hydro-
thermal procedure in preparing a WO; film to significantly
improve its cyclic stability. It was found that using the
synergistic-effect mechanism of glycerol and (NH,),SO,, a high-
performance WO; film could be directly grown on a substrate
under low-temperature hydrothermal conditions. Via optimized
design, the resultant WO; film obtained a hexagonal crystal
system and a novel coral-like nanostructure, and exhibited
excellent electrochromic properties, and outstanding cyclic
stability of 15 000 cycles without significant decay especially.
Through performing characterizations, performance measure-
ments, and comparison tests, the superior electrochromic
properties were proved to be attributed to its ordered ion
channels in a hexagonal crystal structure, porous coral-like
morphology, and pretty good adhesion with FTO-coated glass.
Meanwhile, the performance comparisons of W-AS4 film with
and without a crystal-seed layer confirmed the retardation
effects of crystal seed layer on electronic transport. Further-
more, the complementary ECD could change color from trans-
parent to deep blue under +2.0 V voltages, showing a fast
switching speed and high coloration efficiency simultaneously.
Therefore, the W-AS4 film for ECD application exhibited
promising practical application prospects in energy-saving
smart windows for architecture, automobiles, aircrafts, and so
on.

Experimental
Materials

All the solvents and chemicals were of analytical grade and used
without further purification. FTO-coated glass (7 Q resistance,
2.2 mm thickness) was purchased from Wuhan lattice Solar
Energy Technology Co., Ltd. Sodium tungstate (Na,WO,-2H,0),
ammonium sulphate ((NH4),SO,), hydrochloric acid (HCI,
36%), and hydrogen peroxide (H,0,, 30%) were purchased from
Chengdu Kelong Reagent Co., Ltd. Anhydrous propylene
carbonate (PC), glycerol, anhydrous lithium perchlorate
(LiClO,), potassium ferricyanide (Ks;[Fe(CN)e]), ferric chloride
(FeCly), and potassium chloride (KCl) were purchased from
Shanghai Aladdin Biochemical Polytron Technologies Inc.

Preparation of seed layer

The WO; seed solution was prepared according to the literature
method.”” Briefly, 1 g Na,WO,-2H,0 powder was dissolved in
15 mL de-ionized water. 3 M HCl was added to the above
solution until no more precipitate was formed. Afterward, the
yellow precipitate was washed using de-ionized water in an ice
bath and then the solution was centrifuged for 10 min at
8000 rpm. Finally, H,0, (30%) was used to dissolve the washed
precipitate and de-ionized water was added to make the
concentration reach 0.2 M. The seed layer was coated on FTO-
coated glass via a spin-coating technology, followed by anneal-
ing at 400 °C for 1 h.

This journal is © The Royal Society of Chemistry 2019
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Preparation of WO; film

The WO; films were synthesized on FTO-coated glass through
hydrothermal technology. The procedure for preparing the
precursor solution was reported in previous works.*>* Briefly,
3.29 g Na,WO,-2H,0 powder was added in 30 mL de-ionized
water and stirred for 5 min. 3 M HCI was added to the above
solution until no more precipitate was formed. The yellow
precipitate was washed using de-ionized water in ice bath
several times and then the solution centrifuged for 10 min at
8000 rpm. Then, 4 mL H,0, (30%) and the above precipitate
were added to a beaker with a certain amount of de-ionized
water to make the volume up to 100 mL. Finally, 0.1 M trans-
parent homogeneous peroxopolytungstic acid solution was ob-
tained after constant stirring and mild heating at 60 °C.

The WO; films were grown using peroxopolytungstic acid
solution (0.1 M, 10.5 mL) with HCI (3 M, 3.5 mL), de-ionized
water (20 mL), glycerol (24 mL), and a certain amount of
(NH,4),SO,4. Then, a 30 mL mixture of above solutions was
transferred to a 50 mL Teflon-line stainless-steel autoclave. The
FTO-coated glass substrate (FTO-coated glass was washed with
KOH ethanol solution, then de-ionized water, and finally with
anhydrous ethanol in an ultrasonic bath for 20 min per wash)
was placed vertically in the autoclave. Then, the autoclave was
sealed and maintained at 120 °C for 2.5 h. The stoichiometry of
(NH,4),SO,4 and tungsten atoms was controlled as 0:1, 2:1,
4:1, 6:1, with each of them denoted as W-ASO (0 mmol), W-
AS2 (2.1 mmol), W-AS4 (4.2 mmol), W-AS6 (6.3 mmol). Addi-
tionally, the crystal seed layer assisted film prepared under the
same condition as the W-AS4 film was denoted as W-AS4_seed.
Also, the sample with only de-ionized water (42 mL) without
glycerol and (NH,),SO, was denoted as the pure-H,O sample.
Finally, the obtained films were washed and dried in oven at
60 °C for 2 h.

Preparation of PB film

PB films were prepared by electrodeposition technology re-
ported in a previous work.” Briefly, an electrodeposition solu-
tion contained 0.01 M K;3[Fe(CN)s], 0.01 M FeCl;, and 0.05 M
KCl was prepared in de-ionized water. The electrodeposition
process was carried out in a three-electrode system using
a CHI660E electrochemical workstation, with platinum sheet
used as the counter-electrode, Ag/AgCl as the reference elec-
trode, and the washed FTO-coated glass as the working elec-
trode. The electrodeposition process was carried out under
a current density of 50 pA cm™? for 300 s. After that, the FTO-
coated glass with PB was washed by de-ionized water and
anhydrous ethanol several times. Finally, the washed PB film
was dried for 6 h under 60 °C.

Assembly of the ECD

The W-AS4 film was used as the electrochromic layer and the PB
film was used as the ion storage layer. Briefly, the ECD was
partly sealed with UV curing glue, with a gap of about 0.1 mm.
The 1 M LiClO,/PC liquid electrolyte was injected into the gap
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by syringe. Finally, the whole ECD was sealed with UV curing
glue and black tape.

Sample characterization

The crystal structure of the WO; film and FTO-coated glass were
examined by X-ray diffraction using a Bruker D8 ADVANCE
A25X (XRD) with Cu Ka radiation. The morphologies of the
samples were investigated by scanning electron microscopy
(FSEM, FEI Inspect F50). The powder for the transmission
electron microscopy (TEM) tests and Brunauer-Emmet-Teller
(BET) surface area was synthesized by the same method as used
for the film. The TEM images (low-resolution, high-resolution)
were obtained using an FEI Tecnai G> F20 (TEM) operated at
200 KV. The BET surface area of the different structures was
studied using nitrogen adsorption at 77 K (Micromeritics ASAP-
2460). FT-IR spectroscopy analysis (FTIR, Thermo Fisher
Scientific Nicolet iS10) was undertaken to confirm the -OH
groups on the FTO surface. All the electrochemical measure-
ments were carried out on an electrochemical workstation
(CHI660E, Shanghai Chenhua Instruments, Inc.) using
a conventional three-electrode test system with platinum sheet
as the counter-electrode, Ag/AgCl as the reference electrode, and
the WO; films as the working electrodes. The optical properties
and kinetics from coloration and bleaching of the films were
detected using a UV-vis spectrophotometer (SP60, X-Rite). 1 M
LiClO, in PC was used as the electrolyte to test the electro-
chemical and electrochromic properties.
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