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Patterned polyaniline encapsulated in titania
nanotubes for electrochromism†
Haiming Lv,‡a Yi Wang,‡a Lei Pan,b Leipeng Zhang,a Hangchuan Zhang,a Lei Shang,a
Huiying Qu,b Na Li,b Jiupeng Zhao b and Yao Li *a
In this article, we report the preparation of a TiO2 nanotube array (TNA) film used as a transparent
electrochromic material and a TNA/polyaniline patterned hybrid electrochromic film utilized as an
information display material. The TNA film was fabricated by an anodizing process, and a surface
patterned TNA with extreme wettability contrast (hydrophilic/hydrophobic) on a TNA surface through
self-assembly (SAM) and photocatalytic lithography is fabricated. Then the TNA/polyaniline hybrid film
was prepared by electrodeposition of aniline in an aqueous solution. Finally, the electrochromic
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properties of the TNA film and the TNA/polyaniline hybrid film were investigated. Compared with neat
TNA film and polyaniline (PANI) films, the hybrid film shows a much higher optical contrast in the near
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infrared range. The TNA/polyaniline hybrid film shows higher coloration eﬃciencies of 24.4 cm2 C1 at a
wavelength of 700 nm and 17.1 cm2 C1 at a wavelength of 1050 nm compared to the TNA coloration
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eﬃciency. The color switching time (20.9 s or 22.9 s) of TNA/polyaniline is faster than TNA.

1. Introduction
Interest in electrochromic hybridization of a conjugated
organic polymer and a metal oxide semiconductor has recently
increased considerably due to their tunability of colors, low cost
of preparation, and excellent cycling stability. For electrochromic hybridization, TiO2/PANI,1–4 WO3/PANI,5,6 WO3/PEDOT,7
TiO2/PPY8 and V2O5/PPY have been applied to the electrochromic devices for simple film processing with high optical
contrast due to the advantages of receiving individual semiconducting functions from the polymer and the metal oxide
simultaneously. For example, an efficient donor–acceptor
system can be formed and an electron transfer function can
be introduced at the interface, resulting in reduction of the
oxidation potential and improvement of the long-term electrochromic stability.1,9 In particular, recent advances in the
preparation of TiO2 nanotube membranes have offered new
opportunities for electrochemically stable transparent/reflective electrochromics with fast switching times and full
color.10–12 Transparent electrochromism is typically suitable
for smart windows, while reflective electrochromics are usually
a
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used for information displays and thermal control. For application of electrochromic information displays, it is necessary for
electrochromic materials to be patterned so that they can be
addressed and switched individually.
The development of patterning processes for the areaselective deposition of conduction is of critical importance
for the fabrication of novel molecular-based electronic devices,
such as information displays.13 Recently, numerous displays
based on polymer-based EC prototypes have emerged.
Remmele et al.14 reported a segmented polymer electrochromic
display functioning as a clock with an exceptional lifetime of
over 200 000 cycles. Sotzing’s group made a simple display
device stencil-patterned onto PEDOT–PSS-loaded spandex.15
Kim et al.16 reported that electrochromic patterned conductive
polymer films prepared by UV through a photomask were used
for flexible displays. And the patterning of flexible displays by
substrate etching could be easily tuned through the copolymerization of different monomers.17 Many efforts, including photopatterning, etching processes and inkjet printing, have been
made to explore the electrochromic patterns. However, these
techniques are not suitable for dual function electrochromic
hybridization, such as integrated transparent electrochromic
and information displays.
Unlike a conventional electrochromic TiO2/PANI hybrid
film, where TiO2 shows almost negligible colour change or
itself does not contribute much to the optical contrast,3,4,9 this
is a technique where selective-patterning of the TiO2/PANI
hybrid film prepared by hydrophilic pre-patterning is useful
for combining electrochromic windows using TiO2 optical
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contrast with electrochromic information displays using the
TiO2/PANI hybrid. The TiO2 or hybrid electrochromic film not
only regulates transmittance in the visible range but also
controls transmittance in the near-infrared region. In addition,
the transmittance modulations of the hybrid films were larger
than those of other single materials. This facile approach of
fabrication of the TiO2/PANI hybrid has great potential for
electrochromic smart-glass.

2. Experimental
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2.1

Preparation of TiO2, PANI and TiO2/PANI

All solvents and chemicals were of analytical grade and used
without further purification. NH4F, methanol, glycol, aniline
and NH4Cl were obtained from Beijing Chemical Factory.
1H,1H,2H,2H-Perfluorooctyltriethoxysilane was obtained from
Tokyo Chemical Industry Co., Ltd. Titanium sheets were obtained
from Titanium Nickel Gold Port Equipment Manufacturing Co.,
Ltd, Baoji city. And the ionic liquid, 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP-TFSI), was obtained from
Merck. Fluorine-doped tin oxide (FTO)-coated glass substrates
were purchased from Zhuhai Kaivo Optoelectronic Technology
Co., Ltd. All aqueous solutions were freshly prepared with
de-ionized water.
Titanium sheets were anodized with a graphite counter
electrode in a 0.3 wt% NH4F electrolyte solution under 60 V
for 5 min to fabricate TiO2 nanotube arrays. The nanotube
arrays were detached from the Ti substrate and transferred to
the FTO glass, as reported in more detail previously.10 The
as-prepared amorphous TiO2 nanotube films were calcined at
450 1C for 2 h to form the crystalline anatase phase. The
nanotube structures were then treated in a methanolic solution
of hydrolyzed 1 wt% 1H,1H,2H,2H-perfluorooctyltriethoxysilane
(PTES) for 1 h, and subsequently heated at 140 1C for 1 h to
remove the residual solvent. Hydrophobic patterns were
obtained by selective exposure to a 200 W high-pressure mercury
lamp (with the maximum intensity at 365 nm, 100 mW cm2)
under ambient conditions for 20 min through a photomask
placed on its surface. Light irradiation photocatalytically cleaves
the hydrophobic fluoroalkyl chain of PTES, turning the rough
TiO2 nanotube film surface, and the remaining is covered by the
PTES-modified TNA film.
Reductive doping of the nanotubes was carried out in 1 M
NH4Cl at a potential of 1.5 V versus Ag/AgCl electrode (applied
in one step). The TiO2/PANI hybrid film was obtained by
electropolymerizing the PANI thin layer onto the surface of
TiO2 nanotubes. Aniline was distilled under reduced pressure
and stored in a sealed state at 4 1C. The electrolyte for the
electropolymerization of PANI was obtained by dissolving 1 mL
of aniline in 100 mL of 0.1 M H2SO4 solution. The electropolymerization of PANI was performed on a CHI660E electrochemical workstation at room temperature and in a three-electrode
cell with the above TiO2 nanotube arrays on the FTO substrate
as the working electrode and Ag/AgCl as the reference electrode,
and a Pt foil as the counter-electrode. The PANI film was
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deposited by cyclic voltammetry (CV) conducted in the potential
range of 0.2 to 1 V with a sweep rate of 50 mV s1 for 9 cycles.
The samples were thoroughly washed with methanol and
water and finally dried in air after electropolymerization. For
comparison, a pure PANI film on the FTO substrate was also
prepared under the same conditions.
2.2

Characterization

The TNA, PANI and hybrid film morphologies were characterized
by scanning electron microscopy (SEM, FEI Helios Nanolab 600i).
The crystalline structures of the TNA were investigated using a
rotation anode X-ray diﬀractometer (Rigaku D/Max-rb, Japan) with
graphite monochromatized Cu Ka radiation (0.15418 nm).
In situ visible electrochromic measurements were performed
using an experimental setup that was produced in-house in
combination with a CHI660D electrochemical workstation
(Shanghai Chenhua Instrument Co. Ltd). The experimental
setup was not sealed during testing. One side of the setup
was connected to a white lamp (DT-mini-2-GS, Ocean Optics) by
an optical fiber; the other side was connected to an optical
spectrometer (MAYA 2000-Pro, Ocean Optics). The TNA, Pt wire,
and Ag/AgCl were used as the working electrode, counter
electrode, and reference electrode, respectively. The electrolyte
was a 1 M solution of LiClO4 in propylene carbonate. The
transmittance of the FTO glass in the electrolyte was used as
a reference for 100% transmittance.

3. Results and discussion
The processes for deposition of a PANI pattern on the TNA film
surface are schematically illustrated in Scheme 1. First, the TNA
film is detached from the Ti substrate, and then transferred
and pasted onto conductive glasses using an adhesion layer.
The water contact angle is 351 on the TNA film, indicating that
such a film is hydrophilic (Fig. S1, ESI†). After the PTES

Scheme 1 Schematic showing the preparation of surface patterns with
extreme wettability contrast (superhydrophilic/superhydrophobic) on a
TNA surface through a combination of self-assembly and photocatalytic
lithography processes.
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modified the TNA film surface the water droplet forms a perfect
spherical shape with a high water CA of about 1051 (Fig. S1b,
ESI†). These results suggest that a hydrophobic titania nanotube array surface was fabricated using a self-assembling
monolayer (SAM) technique. Second, Figure S2 c shows the
water CA on the UV-irradiated PTES-modified TiO2 nanotube surface for 20 min. It is found that the water CA is 771
due to the photodegradation of the low surface energy PTES
layer by UV irradiation and the enhanced wettability. The
hydrophilic/hydrophobic micropattern was created on the
TNA substrate by a simple photocatalytic lithography technique
using a photomask.18
The anatase TiO2 is a wide-bandgap (3.2 eV) semiconductor
with poor electronic conductivity, it is diﬃcult to achieve PANI
on TNA films by electrochemical polymerization of aniline.
Therefore, reductive doping was conducted by chronoamperometry for 10 s in a 1 M NH4Cl aqueous solution at 1.5 V to
increase the conductivity of the TNA film. Finally, the wettability pattern with the letters ‘‘HIT’’ can be reductive and
applied as a template for site selective electrodeposition and
growth of PANI. The HIT patterns formed immediately on the
TNA film according to the photomask patterns (Scheme 1).
While the UV unexposed area is covered by the PTES-modified
TNA film, the UV-exposed area forms the TiO2/PANI hybrid
film.
Fig. 1(a–d) shows the SEM images of TiO2 nanotube arrays
and the TiO2/PANI hybrid electrode from cross-sectional and
top views. It can be seen that after anodization, a highly ordered
and well-separated TiO2 nanotube array was obtained with a
diameter of around 100 nm and a tube length of 1mm. Fig. 1b
shows that PANI was uniformly coated on TiO2 nanotubes at a
scan rate of 50 mV s1 for 9 cycles between 0.2 and 1 V,
forming hierarchical TiO2/PANI nanotubes. It can be seen from
the inset of Fig. 1d that PANI filled the entire TiO2 nanotubes

Fig. 1 SEM images of cross-sectional images of (a) pristine TNA, (b) TiO2/
PANI, (c) top view of pristine TNA, and (d) top view of TiO2/PANI.
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(from bottom to top of the TiO2 nanotube arrays), which makes
the surface of the hybrid TiO2/PANI nanotubes much rougher
than the bare TiO2 nanotubes, and the diameters matched very
well with the diameter of TiO2 nanotubes. Simultaneously, the
porous structure TiO2 array was nearly covered by PANI and the
inner wall of the TiO2 nanotubes was also partially filled with
PANI, which is in sound agreement with previous reports,19 but
differs greatly from the nanopore structures reported by Xie
et al.20 In order to deeply investigate the TiO2/PANI nanotubes,
TEM was conducted. Fig. S2 (ESI†) shows the TEM images of
TiO2 nanotubes and TiO2/PANI nanotubes, and the results
show that polyaniline exists both inside and outside TiO2
nanotubes. This difference in morphology and structure of
nanocomposites may be attributed to the difference in the
polymerization method, considering that their anodization
experiments were conducted via self-assembling and graft
polymerization.
The X-ray diﬀraction patterns of the TiO2/PANI hybrid film
compared with that of pure PANI and pure TiO2 are shown in
Fig. 2. All of the peaks for the annealed pure TiO2 film can be
indexed to the anatase phase (JCPDS file: 89-4921) except for
some of the peaks originating from FTO substrates. The crystal
structure of the TiO2 film is not aﬀected by the electrodeposition of PANI on it, which revealed the amorphous structure of
PANI deposited on the TiO2 nanotubes.
The UV-Vis absorption spectra of TiO2, PANI, and TiO2/PANI
hybrid films are shown in Fig. 3(a–c). The UV-Visible absorption
spectrum of the TiO2/PANI film shows a red shift compared
with that of unmodified TiO2. This red-shift can be attributed
to an appreciable interaction between the TiO2 and PANI, and
indicates a reduction in the band gap compared to TiO2. The
PANI sample exhibits two optical absorption two prominent
peaks at 335 nm and 430 nm, which result from the p–p* band
transition of the benzenoid segment and the transitions
between the p bands and the polaron bands of protonated
PANI chains, respectively.
To confirm the chemical structure of the PANI deposited on
TiO2 nanotubes, we recorded Raman spectra of the TiO2/PANI,
PANI, and TiO2 nanotubes, as shown in Fig. 4. The Raman
spectrum of TiO2 nanotubes showed four characteristic modes

Fig. 2

XRD patterns of the TiO2 nanotubes and the TiO2/PANI hybrid film.
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Fig. 5

Fig. 3

UV-vis spectra of (a) the TiO2 nanotube film, (b) PANI, and (c) TiO2/PANI.

at 144, 397, 515, and 636 cm1. The mode at 144 cm1 is strong
and assigned as the Eg phonon of the anatase structure, which
can also be observed in the Raman spectrum of the TiO2/PANI
hybrid film. The latter three modes are assigned as B1g, A1g, and
Eg modes of the anatase phase,21 respectively. All characteristic
bands of PANI in both pure PANI and TiO2/PANI hybrid films
are very similar, which further confirmed that PANI was
successfully deposited on the surfaces of the TNTs.
According to several research groups, the sharp band at
1394 cm1 with a shoulder at 1334 cm1 could be assigned to
the presence of semi-quinone cation radical structures in
polymer chains. However, there are two points worthy of
attention: first, in spectra PANI and TiO2/PANI in Fig. 4(b)
one can see that the band at 1472 s cm1, which is attributed to
the CQN stretching + C–H bending (B) mode, is shifted
towards 1488 cm1 on TiO2. This shift can be interpreted as
the result of the TiO2 phase covalently bonded to PANI.
Similarly, Temperini et al.22 reported that the band at 1470 cm1
(CQN stretching) in the solution spectrum at 632.8 nm shifts to
1490 cm1 in the SERS spectra of silver colloids. When the Ti

Schematic of (TiO2)3 interacting with PANI.

atom of TiO2 sits on top of PANI, the TiO2/PANI composite
structure is more stable in binding energy calculations, the mode
of the molecule surface-modified TiO2 is shown in Fig. 5.23
Second, comparing the PANI Raman spectrum of TiO2 nanotubes
to the pure PANI Raman spectrum, the intensity of all PANI bands
on TiO2 is higher than the intensity in the spectrum of pure PANI.
A large difference in the intensity of the PANI spectrum is due to
the enhancement of the PANI bands in the presence of TiO2
nanotubes (the SERS effect of TiO2), which is attributed to the
dominant contribution of the charge-transfer transitions between
the molecule and TiO2.24 In this process, the molecular bond to
the semiconductor is necessary, such as the formation of coordinate bonds between the Ti atom of TiO2 and the N-atoms in
PANI,23 or else charge-transfer transitions between the molecule
and the semiconductor are forbidden.25 Xiong et al.1 reported that
the covalent bonding of PANI to the TiO2 NPs forms an efficient
donor–acceptor system, which facilitates charge transfer. Therefore, all results are in complete agreement in showing the
formation of the TiO2/PANI nanoarray hybrid.
The electrochromic properties of the fabricated electrode
were electrochemically characterized. Fig. 6a presents a typical
cyclic voltammetry (CV) curve of the TiO2/PANI hybrid electrochromic electrode in 1 M aqueous LiClO4 between 1.6 and
1.3 V, in comparison with those of pristine TiO2 nanotubes and
PANI films. The anodic and cathodic peaks were observed to be
symmetric, reflecting superior reversibility of the relevant redox

Fig. 4 (a) Raman spectra of TiO2, PANI and TiO2/PANI and (b) partial enlargement of (a).
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(a) CV curves of TiO2, pure PANI and TiO2/PANI hybrid films, and (b) drawing of partial enlargement of (a).

reactions. The PANI-based electrode demonstrated three pairs
of redox peaks, marked by a/a 0 ; b/b 0 , and c/c 0 . The redox couple
a/a 0 corresponds to the change between the leucoemeraldine
salt (fully reduced) and the emeraldine salt (half-oxidized) of
PANI with anion doping/dedoping processes, while the redox
couple c/c 0 is related to PANI transformation from the pernigraniline meraldine salt (half-oxidized) to the emeraldine salt
(fully oxidized). The simple processes are illustrated as follows:
PANI + 2nClO4 2 (PANI2n+)(ClO4)2n + 2ne
(PANI2n+)(ClO4)2n + 2nClO4 2 (PANI4n+)(ClO4)4n + 2ne

However the redox couple b/b 0 can be attributed to the degradation products of PANI obtained from the over-oxidation of
PANI at a comparatively high potential.26 Compared to PANI,
the hybrid systems tested show shifts and distinct broadening
of their CV peaks, which suggests the covalent binding of PANI
to TiO2 NPs forms an eﬃcient donor–acceptor system and
facilitates charge transfer.1,2 The fabricated electrochromic
electrode shows a combination of the characteristic redox
features of TiO2 and PANI with all four redox pairs well
discerned.
The electrochromic properties of TiO2, PANI and TiO2/PANI
hybrid films at a series of potentials were measured with

Fig. 7 Visible and near-infrared transmittance spectra of (a) TiO2, (b) PANI, (c) TiO2/PANI hybrid films under diﬀerent applied potentials and (d) the
sample color under diﬀerent applied potentials.
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example data as shown in Fig. 7. The TiO2 film electrodes were
colored by applying step voltages of 1.6 V for coloration and
0 V (vs. Ag/AgCl) for bleaching. The color of the films changed
from black blue (colored state) to transparent (bleached state).
The electrochromic responses are due to the redox reactions
between Ti4+ and Ti3+, which are accompanied by Li+ insertion/
extraction, simply expressed as follows:

Published on 25 January 2018. Downloaded on 23/04/2018 03:59:10.

TiO2 + xLi+ + xe 2 LixTiO2
The spectral transmittance of the pure PANI film on the FTO
substrate between the colored and bleached states is closely
related to its unique redox doping/dedoping processes, which
are also presented in Fig. 7b. The transmittance decreased in
the visible and near-infrared ranges with the decrease of
voltage. However, the TiO2/PANI hybrid film presents a noticeable electrochromism compared with the normal PANI film in
visible and near infrared ranges. For example, the transmittance modulation of the TiO2/PANI hybrid film applied at
a potential step from 1.3 to 0.2 V is up to 59% at 700 nm, which
is much higher than that of TiO2 (47% at 700 nm) and PANI.
When the potential was applied from 1.3 V to 0.2 V, the
transmittance increased in the visible region (from 400 nm to
800 nm), while the transmittance first increased and then
decreased in the near infrared region, which can be attributed
to the fact that the bleaching of PANI and TiO2 happened
exactly at 0.4 V. When the potential was further decreased
to 1.6 V, the transmittance in visible and near infrared
regions decreased, and the corresponding color of this state
was black-blue. It can be attributed to the fact that the coloration of TiO2 and the bleaching of PANI are not entirely overlapped. Fig. 8d shows the sample colour under diﬀerent
applied potentials, and the TiO2/PANI hybrid film patterned
with the letters ‘‘HIT’’ was successfully fabricated. The ‘HIT’
area remained in the coloured state due to PANI’s electrochromic properties by the applied positive voltage. Only the
unexposed ‘HIT’ area showed the bleached state of TiO2 by an
applied positive voltage, and black blue by the applied 1.6 V
exhibiting a TiO2 characteristic color (Fig. 7d).
In addition to the transmission characteristics of the TiO2/
PANI electrode, we also evaluated the speeds with which the
electrode switches between its three modes of operation at
wavelengths of 700 nm and 1050 nm by alternating the potentials between 1.6 V and 1.3 V, with the data shown in Fig. 8.
Table 1 lists the time taken by the hybrid film and its individual
components to reach halfway through the transition for various
initial and final states. The switching time is defined as the
time required for 90% change in the transmittance between
the bleached and colored states. For the TiO2 nanotubes, the
coloration time (from the bleached state to the colored state) Tc
is found to be 27.6 s, and the bleaching time (from the colored
state to the bleached state) Tb is 2.5 s (Fig. 8a). The color
switching time (20.9 s or 22.9 s) of TiO2/PANI is faster than the
TiO2 nanotubes (Fig. 8c). The fast color switching speed of
the TiO2/PANI hybrid film is due the electronic structure of the
hybrids forming an eﬃcient donor–acceptor system, and makes
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Fig. 8 (a) The switching behavior of (a) TiO2, (b) PANI, and (c) TiO2/PANI
hybrid films under diﬀerent applied potentials corresponding to the in situ
transmittance curves at 750 nm and 1050 nm wavelengths.

Table 1 The switching times and coloration eﬃciency for TiO2 nanotube
array and PANI and TiO2/PANI hybrid films under diﬀerent applied
potentials

TiO2
PANI
TiO2/PANI

The potential range

Color time/s

Bleach time/s

1.6
1.6
0.4
1.6
1.6

27.6
5.0
15.3
20.9
22.1

2.5
10.0
25.0
12.8
5.7

V
V
V
V
V

to
to
to
to
to

1.3 V
1.3 V
1.3 V
0.4 V
1.3 V

the ion diffusion easier after the covalent bonding of PANI to
the TiO2.1 In this system, PANI chains act as the localized
electron donors to supply additional electrons.27
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Table 2 The coloration eﬃciency for TiO2 nanotube array and PANI and
TiO2/PANI hybrid films under diﬀerent applied potentials

The potential range

Wavelength/nm

CE/cm2 C1

TiO2

1.6 V to 1.3 V

PANI

1.6 V to 1.3 V

TiO2/PANI

0.4 V to 1.3 V

700
1050
700
1050
700
1050
700
1050

13.0
14.8
54.1
60.9
29.8
17.7
24.4
17.1

0.4 to 1.6 V

Coloration eﬃciency (CE), which is defined as the change in
optical density (OD) per unit charge (DQ) intercalated into
electrochromic layers, is an important characteristic parameter
for comparing diﬀerent EC materials. It can be calculated from
the following equations:
EC = DOD/(Q/A)
DOD = log(Tb/Tc)
DQ ¼

ð t2
jðtÞDt
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t1

The switching times of the TiO2/PANI hybrids are slower
than those of PANI at a square-wave voltage between 0.4 and
1.3 V with a pulse width of 30 s, which due to the poor
conductivity of the TiO2 connection layer between the TiO2/PANI
hybrid film and FTO10 impeded the current reaching the
TiO2/PANI hybrid. The poor conductive TiO2 layer has a larger
resistance, resulting in a small current reaching the TiO2/PANI
hybrid film, and as a result the switching time is longer. The
bleach switching time (12.8 s or 5.7 s) is slower than TiO2
nanotubes. For the PANI/TiO2 hybrid film, the fast electron
transport inside the TiO2 nanotubes is expected when a negative
voltage is applied to the nanohybrid electrode. The fast electron
transport through the TiO2 conduction band causes electron to
reach the PANI/TiO2 interface. When a negative voltage is
applied, not only the available electron trap states in the
TiO2 for electron diﬀusion but also the electron transport
through the PANI layer is limited.8

Fig. 9

where Tb and Tc refer to the transmittance of the layer in its
bleached and colored states, respectively. A high value of CE
indicates that the electrochromic film exhibits a large optical
modulation with a small intercalation charge density. The value
DQ (eqn (5)) is the inserted charge during the coloring period
(0–30 s) and is determined by integrating the current density
passing through the films.
The calculated values of the CE are listed in Table 2. The
TiO2/PANI hybrid film shows a higher coloration eﬃciency of
24.4 cm2 C1 at a wavelength of 700 nm and 17.1 cm2 C1 at a
wavelength of 1050 nm compared to the TiO2 coloration
eﬃciency (CE = 13.0 cm2 C1 at a wavelength of 700 nm and
14.8 at a wavelength of 1050 nm), indicating its better electrochromic performance in terms of color contrast.
The stability can be a concern for the practical use of electrochromic materials. Therefore, an evaluation of the cycling

Transmittance modulations of the films during a 50 cycle test (a) TiO2, (b) PANI, and (c) TiO2/PANI.
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durability for the TiO2, PANI, and hybrid films was performed
(Fig. 9). We conducted transmission tests at 1050 nm in every
50 chronoamperometry cycles. The TiO2/PANI hybrid film
shows a larger optical modulation than TiO2 and PANI. During
cycling tests, the transmittance of the PANI films in the colored
and bleached states decreases in the first 10 cycles, finally
resulting in poor transmittance (Fig. 9b). The main reason is
that the fully oxidized form of PANI (pernigraniline) is highly
reactive to the nucleophilic attack during cycling, especially
under a potential more positive than 1.3 V. The polymer chain
was broken by hydrolysis, producing soluble products such as
ammonium ions, p-benzoquinone, and indophenol, which
could be detached from the substrate and dissolved into the
electrolyte. Good cycling eﬃciency and electrochemical stability
can be observed in TiO2 (Fig. 9a), indicating good cyclic
durability of the TiO2 materials. It should be noted that the
cycling optical transmittance at a wavelength of 1050 nm in the
bleached state and the improved color contrast of the hybrid
compared to that of the TiO2 nanotube film can be observed
(Fig. 9c). These findings clearly demonstrate that the anatase
TiO2/PANI hybrid exhibits excellent electrochromic behavior,
making it suitable for the development of high-transparency
and high-color contrast electrochromic smart windows.

4. Conclusions
In summary, TiO2 nanotube films were fabricated by an
anodizing process, and surface patterns of TNA with extreme
wettability contrasts (hydrophilic/hydrophobic) on a TNA
surface through self-assembly and photocatalytic lithography
were fabricated. Then the TNA nanotube/polyaniline hybrid
film was prepared by electrodeposition of aniline in an aqueous
solution. Finally, the electrochromic properties of the TNA film
and the TNA/PANI hybrid film were investigated. In comparison
with neat TNA film and PANI films, the hybrid film shows a
much higher optical contrast in the near infrared range,
coloration eﬃciency, and switching time. The excellent performance of the hybrid film can be attributed to the donor–
acceptor interactions between PANI and TiO2. And this is a
useful technique, which selective patterning of the TNA/PANI
hybrid film is prepared by hydrophilic pre-patterning. In addition, it can be used for electrochromic windows by the TiO2 or
hybrid film optical contrast combine with EC information
displays by the hybrid film or the TiO2 colour change.
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