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S
mart windows constructed of semicon-
ducting electrochromic materials on
conductive glass have been widely

used in the energy-saving glass industry.1,2

However, these smart windows typically
exhibit low visible transmittance in the
transparent state, reducing their usefulness
in some applications. In general, the visible
transmittance of electrochromic glass in the
transparent state (60�70%) is much lower
than that of regular window glass (>80%),3

delivering a less comfortable visual environ-
ment in buildings. Currently, antireflective
(AR)-coating technologies have been aimed
at improving the light transmittance and
visual appearance of smart windows.3�5

However, this additional AR-coating process
is a significant extra expense for fabricating
electrochromic glasses. Hence, a great chal-
lenge for scientists is to develop a one-step
fabricating technique for creating a semi-
conducting layer with both AR and electro-
chromic properties.
Chemically stable anatase TiO2 nano-

crystals with tetragonal symmetry, formed
from TiO6 octahedra, is the most promising
material currently being used in electro-
chromism studies because the vacant sites
formed by the shared edges are large en-
ough to accommodate Hþ and Liþ ions.6,7

Also, anatase TiO2 nanoparticles (NPs) and
nano thin films have been proven to serve
well as an AR layer for Si, VO2, and InP
substrates due to their suitable refractive
indices of 2.1�2.3.8�10 However, the refrac-
tive index of a TiO2 AR layer on glass-based
substrates should be 1.2�1.4 according to
the relationship nf = (n0ns)

1/2,11 where nf, n0,
and ns are the refractive indices of the AR
layer, air, and the substrate, respectively,
and the refractive indicesof typical conductive
glasses (i.e., fluorine-doped tin oxide (FTO)

or Sn-doped indium oxide, tin-doped indium
oxide (ITO) glass) are closer to 1.5�2.12,13

Several different approaches have been
attempted to reduce the refractive index
of TiO2. Among these methods, Xi et al.
reported that the refractive index of a TiO2

nanorod (NR) layer on aluminum nitride
substrates can be controlled in a way
that reduces the refractive index from 2.7
to 1.3 by changing the vapor-deposition
incident angle using the oblique-angle
deposition (OAD) method.14 This finding
indicates that the TiO2 NR layer, consisting
of obliquely standing, porous nanostruc-
tures, is the key to effectively reducing the
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ABSTRACT

Dual functionalities of antireflective and electrochromic properties-based anatase TiO2
nanowire devices with a high-porosity cross-linked geometry directly grown onto transparent

conductive glass was achieved for the first time through a simple one-step hydrothermal

process under mild alkali conditions. Devices fashioned from these TiO2 nanowires were found

to display enhanced optical transparency in the visible range, better color contrast, and faster

color-switching time in comparison to devices made from nanoparticles. These improvements

can be attributed to the low refractive index and high porosity of the TiO2 nanowires and their

larger accessible surface area for Liþ intercalation and deintercalation, leading to enhanced

capabilities for transparent electrochromic smart windows.

KEYWORDS: TiO2 nanowire . porous structure . antireflection . transparent
device . electrochromism
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refractive index itself. However, the development of a
TiO2 nanostructure with these features on transparent
glass-based substrates by using the same OAD meth-
ods has proven to be a challenge. To the best of our
knowledge, no refractive index below 1.5 has been
obtained using this method.15�17 Moreover, OAD
methods require a high-vacuum environment and a
lengthy deposition time, which is not convenient for
large-scale production and a one-step fabricating
process.
A low-cost alkali hydrothermal method has been

applied to the mass production of one-dimensional
(1D) TiO2 nanostructures on bulk titanium substrates
such as NRs,18 NWs,19,20 and nanotubes (NTs);21�23

however, this method has disadvantages in that it
often needs rigorous experimental conditions consist-
ing of a high alkali concentration, high temperatures,
and long processing times. When growing 1D TiO2

nanostructures on glass-based substrates, surface da-
mage to the glass is likely to happen under such
rigorous reaction conditions. In our previous work,
we employed a low-cost, two-step process combined
with a subsequent annealing treatment for the pre-
paration of controllable 1D anatase TiO2 nanostruc-
tures with interconnected porous geometry onto FTO
substrates. This process involved the deposition of
presynthesized TiO2 NP paste onto a Ti layer that had
been sputter-deposited on the FTO substrate. This
deposition was followed by a hydrothermal reaction
in a 10 M NaOH aqueous solution at 130 �C for 2 h and
then calcination at 500 �C for 30 min.24 The results
indicated that our approach provides a potential
method for the deposition of porous TiO2 nano-
structures onto glass-based substrates, which is, impor-
tantly, favorable for AR-coating technology. However,
the essential procedure of the TiO2 NP paste prepara-
tion was very complicated; therefore, our aim was
to simplify the preparation of the TiO2 nanostruc-
tures through a one-step hydrothermal reaction,
without predeposition of the TiO2 NP paste. Herein,
we present a one-step mild hydrothermal technique
with a postannealing treatment for the preparation
of 1D TiO2 NWs on FTO substrates. The proposed
process involves growing an anatase TiO2 NW array
with an oblique, highly porous, cross-linked nano-
structure directly onto both sides of the FTO sub-
strate through hydrothermally treating a FTO pre-
deposited 100-nm-thick TiO2 film under mild alkali
conditions without damaging the FTO substrates.
With such a unique structure, not only is the electro-
chromic performance of the TiO2 NW-based device
enhanced but also the optical transmittance of the
device in the visible light range is improved. To the
best of our knowledge, this is the first study to reveal
that the intrinsic low-refractive index of this TiO2

NW-array layer possesses excellent dual AR and
electrochromic properties.

RESULTS AND DISCUSSION

Figure 1 shows the top surface and cross-sectional
morphologies of the TiO2 NW layers on FTO under mild
alkali hydrothermal treatment. The treatment was
carried out at 80 �C for 1 h in NaOH aqueous solutions
at concentrations of 2.5, 5, 7.5, and 10 M, resulting in
the fabrication of NW structures with thicknesses of
approximately 350, 600, 500, and 280 nm, respectively.
These results demonstrate that our simple one-step
hydrothermal technique for the fabrication of 1D TiO2

NWs can be successfully achieved under alkali condi-
tions. The NaOH concentration governs the formation
rate of the titanate species formed by the reaction of Ti
with NaOH during the initial reaction in the further
formation of TiO2 nanomaterials.19 Thus, increasing
alkaline concentrations lead to accelerated dissolution
of Ti, forming titanate species that in turn benefit the
growth of TiO2 NWs. However, as the concentration
of NaOH increased to 7.5 and 10 M, somewhat short
and rough surfaces of the TiO2 NWs were observed
(Figure 1e�h) as a result of the instability of the titanate
species at the higher concentrations of NaOH solution.
Also, the thickness of the TiO2 NW layers increasedwith
increasing NaOH concentration from 2.5 to 5 M, and
then it decreased as the concentration of NaOH in-
creased further (from 5 to 10 M). These results indi-
cated that the alkali concentration strongly influen-
ces the growth of the TiO2 nanostructure with 1D

Figure 1. Top surface (left) and cross-sectional (right) FES-
EM images of the TiO2 NW layers fabricated at a hydro-
thermal temperature of 80 �C for 1 h in (a, b) 2.5M, (c, d) 5M,
(e, f) 7.5 M, and (g, h) 10 M NaOH aqueous solutions. The
thickness of a TiO2NW layer is labeled on the cross-sectional
images.
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architectures, which is in accordance with our reported
results.24 Also, the well-defined anatase TiO2 NW nano-
structure was confirmed by characterizations using high-
resolution transmission electron microscope (HRTEM),
glancing-angle X-ray diffraction (XRD), and Raman spec-
trometry (Figure S1). The corresponding XRD pattern
recorded from the TiO2 NWs displayed diffraction 2θ
values of approximately 25.1 and 48.5, which were as-
signed to the anatase TiO2 (101) and anatase TiO2 (200),
respectively (JCPDS Card File No. 21-1272). The frequency
of Raman bands showed a very strong band at 141 cm�1

andweakbands at 194, 394, 513, and 633 cm�1. The three
bands at 141, 194, and 633 cm�1 were assigned to the Eg
modes, the band at 394 cm�1 to the B1g mode, and the
bandat 515cm�1 to thedoublet of theA1g andB1gmodes
in anatase TiO2. In addition, the typical HRTEM image
together with its corresponding fast Fourier-transformed
diffraction pattern data further showed that the TiO2 NW
wasa single crystalwith a latticedistanceof approximately
0.35 nm, which is in excellent agreement with the
d-spacing of (101) planes of anatase TiO2 (Figure S1b).
All samples exhibited improved optical transmittance

compared to that of bare FTO (Figure 2a). Also, it was
obvious that with increasing NaOH concentration the
optical transmittance at the wavelength of 600 nm in-
itially increased and then decreased. The optical trans-
mittance was enhanced by almost 4.5% for the TiO2

NW FTO electrode prepared with 5 M NaOH (inset in
Figure 2a). The increased optical transparency can be
attributed to the intrinsic AR ability induced by the low-
refractive-index TiO2 NW layers. As shown in Figure 2b,
the refractive indexof theTiO2NW layers varied from1.51
to 1.22 at a wavelength of 600 nm in NaOH concentra-
tions of 2.5�10 M, which is less than that of dense
anatase, 2.5,25 because of their tendency to be porous
as a result of randomly cross-linked TiO2 NWs. The
porosity of each TiO2 NW electrode was determined by
the following equation:26,27

Porosity (%) ¼ 1 � nf
2 � 1

nd2 � 1

" #
� 100% (1)

where nf and nd are the refractive indices of TiO2 NWs at
the wavelength of 600 nm and anatase dense film (nd =
2.5). The porosity for 2.5, 5, and 7.5 M TiO2 NW layers was
calculatedas83%, 91%, and77%, respectively. Hence, the
5 M-prepared TiO2 NW electrode possessed the highest
transparency, which is attributed to the fact that it had
the highest porosity degree and the lowest reflective
value of 1.22. These results illustrated that the AR ability
for promoting optical transparency of as-prepared TiO2

NW electrodes is strongly dependent on their porosity
degree, which in turn is determined by the degree of
intersecting and crossing NWs. In contrast, the 10 M-
prepared TiO2 NW electrode exhibited 75% porosity and
high refractive index (nf = 1.51), which represented lower
optical transmittance relative to thebare FTOglass due to
the increased light scattering caused by irregular nano-
structures on the surface.
With such promising results, we further investigated

the electrochemical performance of TiO2 NW electro-
des in terms of other applications in electrochromic
devices. Figure 3a shows the cyclic voltammograms of
the as-prepared TiO2 NW FTO substrates in 1 M LiClO4

electrolyte, and two important features are noted.
First, evident cathodic and anodic peaks appeared at
approximately �1.6 and �1.1 V, respectively, for the

Figure 2. (a) Optical transmittance spectra of 2.5 M-, 5 M-, 7.5 M-, and 10 M-prepared TiO2 NW FTO electrodes. Inset in part a:
Difference in optical transmittance of FTO and each TiO2 NW sample. (b) Refractive index curves for 2.5M-, 5M-, 7.5M-, and 10
M-prepared TiO2 NW FTO electrodes.

Figure 3. Cyclic voltammograms of 2.5 M-, 5 M-, 7.5 M-, and
10 M-prepared TiO2 NW FTO electrodes at a scan rate of 5
mV/s.
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Liþ intercalation into and extraction from the TiO2

framework. The corresponding reaction mechanism
can be expressed by28

TiO2 þ xLiþ þ xe� / LixTiO2

In addition, it should be noted that a weak redox pair
occurred at approximately �1.7 V (cathodic) and �1.6 V
(anodic), which was attributed to the characteristic peak
of the Liþ ion insertion into and release from the in-
sufficiently calcined titanate, respectively (Figure S2).
Second, electrodes prepared at lower alkali concentra-
tions produced a higher current, resulting in better Li ion
diffusion through the electrode. It is known that the
higher the peak current, the larger the surface area of
theelectrode shouldbeaccording to theRandles�Sevcik
equation (eq 2), which could be beneficial for Liþ inter-
calation and deintercalation.

ip ¼ (2:69� 105)n3=2v1=2D1=2AC (2)

In eq 2, ip is the peak current (A), n is the electron
number involved in the reaction (n = 1 in this reaction),
v1/2 is the square root of the scan rate (V/s), A is the real
active surface area of the working electrode (cm2),
and C is the concentration of Liþ ions in the solution
(mol/cm3). It was found that the real active surface area
of the TiO2 NW FTO electrodes for the Liþ intercalation
process was larger in the following order of NaOH

concentration as prepared in the hydrothermal pro-
cess: 10 M < 7.5 M < 5M< 2.5 M, which is in agreement
with the results shown in Figure S3. These results
indicated that the 2.5 M-prepared TiO2 NW FTO elec-
trode has the ability to support larger sites for Li ion
intercalation and deintercalation, which is useful in
electrochromic applications.
With such a low refractive index of 1.37, which is

close to the theoretical refractive index of 1.39 for
the most common AR-coating material magnesium
fluoride (MgF2),

29 and a high porosity of 85%, giving
relatively high transparency and a high surface area,
thereby profiting ion intercalation and deintercalation,
it is anticipated that the 2.5 M-prepared TiO2 NWs
electrode will have the best utilization in transparent
electrochromic smart windows. TiO2-based multisand-
wich-type devices of glass/FTO/TiO2/1 M LiClO4 elec-
trolyte/FTO/glass constructed from 2.5 M-prepared
TiO2 NWs (denoted as a ss-NW-based device) and TiO2

NPs (denoted as a NP-based device) were used to study
the electrochromic performance (Figure 4a). To further
explore the feasibility of the 2.5 M-prepared TiO2 NW
layer in practical use, a similar device was constructed
from the FTO substrate with a TiO2 NW layer on both
sides (denoted as a ds-NW-based device). The optical
transmittance of the two NW-based devices exceeded
70% in the range 450�750 nm, covering the majority
of the visible light region,whereas that of theNP-based

Figure 4. (a) Scheme of the electrochromic device and photos of the colored/bleached electrochromic devices after applying
potentials of�4.5 andþ1 Vwith respect to bare FTO. (b) Optical transmittance spectra for ss-NW-, ds-NW-, andNP-based FTO
electrodes. (c) In situ UV�vis transmittance spectra at 600 nm of the electrochromic devices. (d) In situ UV�vis absorbance
spectra at 600 nm collected by subtracting original absorbance of the electrochromic devices. The thickness of the TiO2 NP
layer is ∼350 nm (Figure S5), similar to that of the 2.5 M-prepared TiO2 NW layer.
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device was below 70%. The optical transmittance of
the ds-NW-based device increased by 8.2% and 1.3%
at the wavelength of 600 nm relative to that of the
NP-based device and the ss-NW-based device, respec-
tively (Figure 4b). As a result, the double-sided AR
coating of the ds-NW electrode, optimized for a glass
substrate by enhancing the total optical transmittance
in the visible region, has potential for use in high-
transparency electrochromic devices. Its correspond-
ing electrochromic performance measurement was
carried out by measuring the optical transmittance
and absorbance in situ at a wavelength of 600 nm in
response to an applied potential of �4.5 V for 60 s as
the coloring period and þ1 V for another 60 s as the
bleaching period through the devices (Figure 4c, d and
Figure S4). The optical transmittance changing from
the colored state (at 60 s) to the bleached state (at
120 s) for the ds-NW-based device (46.69%f 74.89%,
ΔT = 28.20%) was higher than that of the NP-based
device (48.20% f 70.43%, ΔT = 22.23%). This result
indicated that the ds-NW-based device possessed a
better color contrast, which makes it useful for electro-
chromic applications.
Electrochromic parameters involving the change in

color density (ΔOD) and coloration efficiency (CE) of
the ds-NW-based device were evaluated through the
following equations:

ΔOD ¼ log(Tb=Tc) (3)

CE ¼ ΔOD=ΔQ ¼ [log(Tb=Tc)]=ΔQ (4)

where ΔOD is the difference in optical density at a
wavelength of 600 nm, which depends on the trans-
mittances in the bleached (Tb) and colored (Tc) states.
The value ΔQ (eq 5) is the inserted charge during the
coloring period (0 s f 60 s) and is determined by
integrating the current density passing through the
device (Figure S6):

ΔQ ¼
Z t2

t1

j(t) dt (5)

The calculated values ofΔOD,ΔQ, and the CE for the
ds-NW-based device and NP-based device are listed in
Table 1. The ds-NW-based device shows a higher color
density of 0.21 and coloration efficiency of 13.87 cm2

C�1 compared to theNP-based device (ΔOD=0.16 and
CE = 12.32 cm2 C�1), indicating its better electrochro-
mic performance in terms of color contrast.
Fast color-switching time is another important factor

for electrochromic applications. The color-switching

timewas estimated as the time taken for the absorbance
to change by two-thirds of the difference between the
steady-state absorbance in the colored and bleached
states (Figure 4d).30 For the ds-NW-based device, the
switching time was 11.3 s for coloration and 14.3 s for
bleaching, which is significantly faster than the times for
the NP-based device (23.7 s for coloration and 18.5 s for
bleaching). This indicates that a fast electrochromic
response can be achieved within the ds-NW-based
device by rapidly diffusing Liþ ions into and out of the
TiO2 NW layer, suggesting that the high porosity of the
cross-linking NW structures plays an important role in
ideal electrochromic materials.
Finally, stability can be a concern for the practical use

of electrochromic materials. Therefore, an evaluation of
the cycling durability for the ds-NW-based device and
the NP-based device was performed (Figure 5). Good
cycling efficiency and electrochemical stability can be
observed in both devices, indicating the good cyclic
durability of the TiO2 materials. Noticeably, the cycling
optical transmittance at a wavelength of 600 nm in the
bleached state and the improved color contrast of the
ds-NW-based device compared to that of the NP-based
device can be observed. These findings clearly demon-
strate that the anatase TiO2 NW electrode possesses
excellent electrochromic behavior,making it suitable for
the development of high-transparency and high-color-
contrast electrochromic smart windows.

CONCLUSIONS

To solve the long-standing problem of low transpar-
ency in conventional electrochromic devices, we de-
veloped a simple, one-step hydrothermal method for
the fabrication of AR-coating films with good electro-
chromic properties. A highly transparent electrochro-
mic device constructed from anatase TiO2 NWs with
an optical transmittance greater than 70% in the
range 450�750 nm exhibited high color density (0.21),
better coloration efficiency (13.87 cm2 C�1), and a faster

TABLE 1. Electrochromic Performance Data for ds-NW-

and NP-Based Electrochromic Devices

ΔOD ΔQ (C cm�2) CE (cm2 C�1)

ds-NW-based device 0.21 0.015 14 13.87
NP-based device 0.16 0.012 99 12.32

Figure 5. Electrochromic switching and optical transmit-
tance change monitored at 600 nm for the cycling ability
study of the ds-NW electrode- and NP-based device at an
applied voltage of �4.5 V for 60 s and þ1 V for 60 s for 20
cycles.
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color-switching time (11.3 s for coloration and 14.3 s for
bleaching) compared with TiO2 NP-based devices.
Moreover, we believe that our one-step alkali hydro-
thermal method will be amenable to processing new

antireflective materials on common glass substrates,
opening up possibilities for fabricating the devices for
optical applications such as lens coatings, photocata-
lysis, and solar-energy conversion.

METHODS
Preparation of the TiO2 NWs Layer(s) on FTO Glass. Titanium film

with a thickness of approximately 100 nm was first deposited
onto one or both sides of FTO glass (1.5� 3 cm, 7 ohm/sq, TEC-7)
to form a thin Ti-sputtered FTO glass. This was accomplished
using a magnetic sputter instrument (K575X, Quorum Tech)
equipped with a Ti target at a sputter rate of 3�5 Å/s. The
thickness was controlled and monitored by a film thickness
monitor controller. The Ti-sputtered FTO was subsequently
treated under hydrothermal conditions in a Teflon vessel con-
taining a 2.5 M NaOH (99%, Merck) aqueous solution encapsu-
lated in a stainless-steel autoclave and then heated at 80 �C for
1 h. After the hydrothermal process, the substrate was rinsed
several times with a 0.1 M HNO3 (65%, Merck) aqueous solution
and deionized water. The as-prepared product was further
annealed in air at 500 �C for 1 h, which yielded the TiO2 NW
structure on FTO. The influence of the NaOH concentration
(from 2.5 to 10 M in 2.5 M intervals) on the TiO2 architectures
was investigated in this study.

Fabrication of Multisandwich Electrochromic Devices. For the ele-
ctrochromic contrast measurement, a simple electrochromic
device based on a glass/FTO/TiO2/1 M LiClO4 electrolyte/FTO/
glass multisandwich structure was prepared in three steps. In
the first step, the as-prepared TiO2�FTO substrate and counter
FTO glass were attached with Surlyn 1702 hot-melt adhesive
(Solaronix). In the second step, the electrolyte composed of
LiClO4 (1 M, 99% anhydrous, Aldrich) in propylene carbonate
(97% anhydrous, Aldrich) was carefully injected, filling the space
between the two substrates through a predrilled hole on the
bare FTO using a vacuum filling process. Finally, the hole was
covered by a thin glass slide with a hot-melt sealer and further
sealed tightly with an iron solder. The electrochromic active
area of the device was controlled at 1.69 cm2.

Characterizations. The surface and cross-section morpholo-
gies of the as-prepared TiO2 nanostructures were recorded
by a Zeiss Ultraplus field-emission scanning electron micro-
scope (FESEM). A JEM 2010 high-resolution transmission elec-
tron microscope operated at 200 kV was used to examine the
morphology and lattice structure of the as-prepared TiO2 NWs.
The crystal structure was analyzed by Raman spectroscopy and
glancing-angle X-ray powder diffraction, in which Raman spec-
tra were obtained using a Raman microspectroscopic system
(JOBIN-YVON T64000 Raman/PL spectrometer) with a diode
semiconductor laser (λ = 532 nm) as a light source, and XRD
patterns were recorded using the MAC M18XHF X-ray diffract-
ometer equipped with Cu KR radiation (λ = 1.5407 Å). The
absorbance and transmittance spectra were obtained with a
UV/vis/NIR spectrometer (Lambda 900, Perkin-Elmer). The re-
flectance and refractive indices measurements were carried
out by using an n&k 1280 analyzer (n&k Technology), in
which the refractive index n value was obtained through the
Forouhi�Bloomer dispersion equation by fitting the transmit-
tance and reflectance spectra of certain substrates.31 The cyclic
voltammograms of each as-prepared TiO2 NW layer were
recorded using a CH Instruments 660 electrochemical system
with a standard three-electrode measurement, with aTiO2 NW
layer on FTO glass acting as the working electrode, a platinum
plate serving as the counter electrode, and Ag/Agþ acting as the
reference electrode. For the electrolyte, 1 M LiClO4 dissolved in
propylene carbonate was used. The potential of the J�V
measurement was controlled in the range 0 to �1.8 V at a
potential sweep rate of 5 mV/s. The immersed area of the
electrodes was controlled at 2.25 cm2.
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