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Electrochromic porous TiO2 nanotube films with different structural phases were successfully coated on
fluorine-doped tin oxide (FTO) glasses by a doctor-blade method with subsequent post-annealing
treatment. The TiO crystal phases can be easily tailored via simple post-annealing treatment. The
electrochromic performance of coated films was found to be strongly dependent on the TiOz crystal
phase. An improved optical modulation range was obtained for TiO2(B) (28.1%) compared to TiO>
anatase (4.5%) and anatase/TiO2(B) mixed phases (10%) films by measuring in-situ optical
transmittance measurement at 633 nm upon the polarized potential between -0.8V (colored state) and
1.0 V (bleached state). Moreover, the coloration efficiency of pure TiO2(B) nanotube films reached a
value as high as 66.69 cm?/C at 633 nm. These results can be ascribed to the enhanced Li* diffusion
coefficient of the TiO2(B) nanotube film with its open framework structure, which can effectively
facilitate the transport of Li* ions during the coloring process. This work demonstrates great potential
use of TiO2(B) films in large-scale electrochromic applications .
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1. INTRODUCTION

Due to their unique optical tuning characteristics, electrochromic materials (EMs) have attracted
extensive attention in the fields of smart windows, electronic displays, information storage, antiglare
mirrors, and military usage [1-3]. Typically, EMs can be divided into inorganic electrochromic and
organic electrochromic materials [4]. Transitional metal oxides (TMQOs) are widely studied as ideal
electrochromic materials due to their low cost, excellent thermal stability, and good electrochemical
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performance. TMOs can be colored anodically (NiO, V20s) or catholically (WOs, TiO2) with a small
polarized voltage [5-6]. Among various TMOs, TiO: has received tremendous interest as an excellent
cathodic colored material due to its good chemical stability, nontoxicity, and fantastic electrical and
optical properties [7-8]. TiO- turns blue during the coloration stage in the electrochromic process, and
the general electrochromic equation is:

TiO2 + xLi* + xe™ (bleached) = LixTiO2 (blue colored), Q)

where X is the insertion coefficient of electrochromic activity.

TiO2 has three distinct polymorphs, known as the anatase, rutile and brookite. However, the
electrochromic TiO2 film presents low optical modulation, poor coloration efficiency, and unsatisfactory
electrochemical cycle stability originating from its low ion diffusion coefficient and slow ion and
electron transport rates [9]. These drawbacks limit the potential application of TiO.-based
electrochromic films. In the past few years, tremendous work has been devoted to improving the ionic
and electronic transport properties, such as precise modification of morphological structure and crystal
phase [10-12]. Recently, monoclinic-phase TiO2(B) has proved to be a very promising anode material
for use in Li-ion batteries due to its high insertion capacity and fast ion transport property. The crystal
lattice of TiO2(B) is distinguished by a more open framework structure than the TiO anatase and rutile
phases, with facilitating channels for lithium ions fast transport [13]. However, despite numerous works
on improving the electrochromic performance of TiO., a deep understanding of the electrochromic
TiO2(B)-based films still needs to be explored.

Hence, in this work, titanate nanotube films with different structural phases were successfully
coated on FTO substrates by the doctor-blade method; then the TiO2 films were treated with a subsequent
post-annealing process to achieve designed crystal phases. The effect of structure phases on the
electrochromic and electrochemical performances was systematically investigated. TiO2(B) nanotube
films exhibited larger optical modulation range, higher coloration efficiency and better electrochemical
cycle stability.

2. EXPERIMENTAL

2.1 Synthesis of titanate nanotubes

To prepare titanate nanotubes, a modified two-step hydrothermal approach was used following
the process reported in [14]. Frist,8 g of TiO> powders (Degussa P25) was mixed with 80 mL of 10 M
NaOH solution. The mixture was then transferred into Teflon-lined stainless steel autoclaves and was
heat at 130° C for 36 h. After that, the obtained product was collected and washed several times until
the solution pH value reached about 7. Then the obtained product was mixed with 80 mL of 15 M KOH
solution in autoclaves at 200° C for 24 h. The autoclaves were then cooled to room temperature. The
final white product was collected and washed several times and neutralized with the appropriate amount
of 0.1 M HCI solution, and the remaining traces of NaCl and KCI were removed by sufficient washing
with deionized water. The white product was filtered and dried at 60 for 4 h in air. Finally, the product
was dispersed in deionized water/Polyethylene Glycol (PEG 20000) mixed solution for use.
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2.2 Preparation of TiO: films

A doctor blade technique was employed to produce TiO: films. Frist, 90 uL of prepared titanate
product dispersion solution (0.06 g/mL) was scraped on clean FTO substrates (25 mm x 25 mm x 1.6
mm, 14 Q / sq, Wuhan Lattice Solar Energy Technology Co., Ltd.) and then dried to remove water.
Then, the obtained films were calcined at 400 ° C, 500 ° Cand 600 ° C for 2 h in air. The films were
labelled as T-400, T-500 and T-600, respectively.

2.4. Structural, electrochemical and electrochromic characterizations

X-ray diffraction (XRD) patterns of the TiO2 films were obtained on an X-ray diffractometer
(Panalytical X'Pert Pro) equipped with Cu Ka radiation (A=0.15405 nm). The thickness, surface
morphology, microstructure and crystal lattice of the TiO> films were characterized by field emission
scanning electron microscopy (FESEM, Zeiss, Gemini300) and high-resolution transmission electron
microscopy (HRTEM, Tecnai G2 F20). Cyclic voltametric (CV) measurements were performed with a
scanning range between -0.8 V and 1.0 V using a potentiostat (CHI750E, CH Instruments). An
electrochemical impedance spectrum (EIS, 100 kHz to 1 Hz) was studied using a Zennium IE 6.0
electrochemical workstation containing an Ag/AgCl reference electrode, a platinum counter electrode
and TiO2 film working electrode. LiClO4+PC (0.5 M) solution was used for the electrolyte for
electrochemical tests. In situ optical properties (optical transmittance, coloration efficiency, and
switching time) were recorded by combining using a UV-Vis-NIR spectrophotometer (PerkinElmer
/Lambda750s) and Zennium IE 6.0 electrochemical workstation. The optical transmittance of the
obtained TiO> films at a range of 350-1100 nm and the dynamic optical changes at 633 nm under
different supplied voltages were measured by a UV-Vis-NIR spectrophotometer.

3. RESULTS AND DISCUSSION

Figure 1 shows the representative HRTEM images of the TiO; films calcined at 400° C (T-400),
500° C (T-500) and 600° C (T-600). As depicted in Fig. 1a, uniform one-dimensional nanostructure
features comprised typical nanotubes with a length around 100 nm are presented. However, the original
nanotube structures partially collapsed and transformed to nanorods upon increasing the calcination
temperature to 500°C. Upon increasing the annealing temperature to 600°C, only a few nanotubes can
be found, and abundant nanorods and nanoparticles appear. This is well matched with previous research
where the titanate nanotubes are easily destroyed and transformed into nanorods and nanoparticles after
post-annealing temperatures above than 400°C [15].

As shown in Fig. 1b, the interplanar spacings from nanotubes with d (200)=0.58 nm are clearly
noticed and can be attributed to TiO2(B) phase. Since the interplane (200) is parallel to the growth
direction of nanotubes, it can be concluded that the nanotubes’ preferential growth direction is along
the (010) direction. Furthermore, two distinct crystal regions are discerned in Fig. 1d; one still belongs
to the TiO2(B) phase, and the other is ascribed to the TiO, anatase phase with d (101)=0.35 nm. Fig. 1f



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210524 4

displays only lattice spacings of d (101)=0.35 nm for the anatase, indicating that TiO2(B) phase no longer
exists and was completely transformed into pure anatase with high crystallinity.

Figure 1. HRTEM images of the TiO; films calcined at 400°C (a, b), 500°C (c, d) and 600°C (e, f).

The XRD spectra of the T-400, T-500, and T-600 TiO: films are shown in Fig. 2. The diffraction
pattern of T-400 shows peaks located at 24.9°, 28.6 ° and 48.5° that can be well indexed to the TiO2(B)
phase (JCPDS 46-1237). No other crystal phases were detected, indicating that a complete TiO2(B) phase
formed. In T-500 and T-600, the peaks located at 25.3°, 37.8°, 48.1°,53.9°, 55.1° and 62.7° all belong
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to the TiO; anatase phase (JCPDS 21-1272). A very interesting point to make here is that after carefully
analyzing the diffraction patterns of the TiO2(B) and anatase phases, T-500 showed mixed phases of
TiO2(B) and anatase. Basically, the XRD results demonstrate the gradual crystal phase evolution of TiO;
films dependent on the post-annealing temperature, which is consistent with the HRTEM information
above.
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Figure 2. XRD spectra of the TiO: films calcined at 400°C, 500°C and 600°C.

The surface morphologies of the T-400, T-500, and T-600 TiO; films are shown in Fig. 3. The
thickness of the TiO; films was examined with a FESEM cross-section technique, where both films were
uniform with a thickness around 2 pm. The T-400 film was much more porous and a bit thicker than the
T-500 and T-600 films because of its nanotube skeleton, which produced a uniform cross-link framework
structure. The surface view images confirm the porous structure of theT-400 film, and the TiO; films
became dense upon increasing the calcination temperature due to the significant collapse of the nanotube
structure.
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Figure 3. Top-view and cross-sectional FESEM images of the TiO> films calcined at 400°C (a, b), 500°C
(c, d) and 600°C (e, f).

The optical modulation range is a very important parameter for electrochromic films. Figure 4a
shows the optical modulation properties of the T-400 TiO: film at different polarized voltages in the
range between 350 and 1100 nm. The coloring process starts being activated at a bias voltage of -0.8 V.
The T-400 TiO film shows a gradual increase in optical modulation upon increasing the supplied
potential from —-0.8 V to -1.6 V. Under applied voltages of -0.8 V, -1.0 V, -1.2 V, -14 V, -1.6 V, the
light modulation amplitudes of the film were 28%, 36%, 46%, 56%, and 63%, respectively. Fig. 4b
shows the optical modulation properties of the T-400, T-500, and T-600 TiO: films at a bias voltage of
— 0.8 V in the range between 350 and 1100 nm. As expected, the T-400 TiO> film, with its well-formed
nanotube structure and TiO2(B) phase, presents a significantly sharper reduction of the transmittance
compared to the T-500 and T-600 TiO> films. A huge optical modulation value of 28.1% was reached at
a wavelength of 633 nm upon the use of a supplied voltage of -0.8 V, while the T-500 and T-600 TiO-
films only show 10% and 4.5%, respectively. These results demonstrate that the T-400 film with TiO2(B)
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phase exhibits excellent electrochromic properties even at very low polarized potentials, which can be

ascribed to the porous nanotube cross-link structure and TiO2 (B) phase facilitating fast Li* ion insertion
and extraction.
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Figure 4. The optical modulation properties of the T-400 TiO: film at different polarized voltages (a);

the optical modulation ranges of the T-400, T-500, and T-600 TiO; films at a fixed bias voltage
of — 0.8 V (b).
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Figure 5. Picture of the bleached state of the film and the colored state at -1.6 V

The switching properties of the prepared TiO: films were also evaluated by monitoring the
transmittance in situ at 633 nm by switching the voltage between -0.8 V (colored state) and 1.0 V (bleach
state), (as show in Fig. 6). The switching response times are defined as meeting a requirement of a 90%
of the total transmittance change. For the T-400 film, the coloration and bleaching response times were
19.4 s and 4.9 s, respectively. We found that the coloring time was much longer than the bleaching time.
This is because the coloring/bleaching time is mainly affected by the lithium ion diffusion rate, and the
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ion diffusion rate during bleaching is much higher than that during coloring[16]. The switching speed of
the T-400 TiO2(B) film was even faster than those TiO> films polarized at higher bias voltages [17].
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Figure 6. In situ variation of the optical transmittance of the T-400, T-500, and T-600 TiO: films
measured at 633 nm upon the bias voltage being on/ off.
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Figure 7. Chronoamperometric curves of (a) T-400, (b) T-500, and (c¢) T-600 and (d) Variation in the
optical density (AOD) vs. charge density (Q) for the T-400, T-500, and T-600 TiO; films at 633
nm under a bias voltage of -0.8 V.
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Another noticeable factor for the electrochromic properties is the coloration efficiency (CE),
which is defined as the changes in optical density (AOD) per unit of insertion/extract charge for the
electrochromic films. The CE value can be calculated by the following equation:

AOD 109(%’)
CE = A= oA @)

where Ty and T. denote the transmittances of the bleached and colored states films, respectively.
A is the given working electrode surface area and Q is the integration of the current during the coloring
time. Therefore, a high CE value means a small charge density with a large optical modulation [18-19].
Fig. 7d shows the plots of the AOD versus the inserted charge density at 633 nm under a polarized
voltage of -0.8 V. The calculated CE value for T-400 is 66.69 cm?/C, which is much larger than T-500
(31.39 cm?/C) and T-600 (28.96 cm?/C) or similar products [20]. The superior coloration efficiency of
T-400 TiO2(B) film is mainly due to its porous and open framework structure, with accessible pores for
Li* ion diffusion during electrochromic reactions.

Figure 8 shows the coloration/bleaching cycle stability of T-400 TiO2(B) film under -0.8 V bias
voltage. The optical modulation range decreased from 28.1% to 17% after 200 cycles, still maintaining
at 60% of its initial state, indicating a good long-term stability. After 20 cycles of our equipment, the
light modulation amplitude dropped to 16% and stabilized. There are many reasons for the reduction of
the light modulation amplitude during the cycle of electrochromic film. We attribute the decrease in the
light modulation amplitude to the fact that the ions injected into the electrochromic film are not released
[21-22]. This good cycle stability is due to the unique open framework structure and well distributed
nanotube cross-link structure of TiO2(B) phase films, which is beneficial for Li* ion transportation.
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Figure 8. Coloring/ bleaching cycle curves of the T-400 TiO2(B) film.

Transmittance (%)

T T T T T T
2 4 6 194 196 198 200

Cyele

To clarify the insertion/extraction process of Li+ ions during the electrochromic reaction of the
T-400, T-500, and T-600 TiO- films, CV measurements were performed with a scan rate of 0.05 V/s in
the voltage range of -0.8 to 1.0 V, as shown in Fig. 9a. The CV redox peak areas of the T-400, T-500, and
T-600 TiO: films decreased with increased calcination temperatures, which can be ascribed to the crystal
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lattice deformation of TiO3, as predicted by the HRTEM and XRD results above. Moreover, it can be
found that both the cathodic and anodic current densities of T-400 film are greater than the T-500, and
T-600 TiO, films, indicating that more Li+ ions and electrons were involved in the reaction interface
between TiO2(B) and electrolyte during the electrochromic process. It is well known that the crystal
lattice of TiO2(B) phase has a more open framework structure than anatase, rutile, and brookite phases,
which can facilitate the fast transport of Li" ions in the films. The values for charge intercalation (Qc)
and de-intercalation (Q.) were calculated by integrating the anodic and cathodic peak current densities
during the redox process. In T-400 film, the calculated Q. and Q. were 0.23 mC/cm?2 and 0.08 mC/cm?2,
the Q¢ and Q. of T-500 film were 0.15 mC/cm2 and 0.043 mC/cm2, and the Q¢ and Q. of T-600 film
were 0.14 mC/cm?2 and 0.012 mC/cm2. The reversibility during the insertion/extraction reactions can
be checked by the ratio of charge densities (Q./Qc), and the Q./Q. values were 0.35 (T-400), 0.29 (T-
500), and 0.09 (T-600). These results indicate that more Li" ions can be involved in the
insertion/extraction process and better reversibility can be achieved in T-400 TiO2(B) film. In addition,
the results also show that TiO2(B) film has much better electrochemical reaction activity, which could
account for its excellent electrochromic performance even at a low bias potential.
In addition, the Li* ion diffusion coefficient can be calculated from the famous Randles-Sevcik
equation :
ip = 2.6 X 10°n3/2ADY2Cv Y2 . 3)

Here, n is the number of transfer electrons (assumed to be 1), i, is the peak current (A), D is the
Li* ion diffusion coefficient (cm?/s), A is the electrode surface area (cm?), C is the activated ions
concentration (mol/cm?), and v is the potential scan rate (\V/s). Thus, the Li* ion diffusion coefficient of
T-400, T-500, and T-600 is 8.3x1071% cm?/s, 3.1x1071° cm?/s and 1.4x10"*%cm?/s, respectively. The T-
400 TiO2(B) film exhibited much better Li* ion diffusion capability. This is consistent with the EIS
results as shown in Fig. 9b.
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Figure 9. CVs with scan sweep of 50 mV s (a) and EIS (b) of the T-400, T-500, and T-600 TiO: films.

The EIS measurements were conducted in the range of 1-100 kHz to evaluate the influence of
the TiO: crystal phase on the ion transport kinetics during the coloring process. The Nyquist plots of
both TiO> films consist of a small semicircle in the high frequency region and an inclined line in the low
frequency region, which are related to charge transfer resistance and ion diffusion resistance,
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respectively. It is well known that a line with higher slope indicates lower ion diffusion coefficient [23-
24]. The T-400 TiO2(B) film showed an enhanced Li* ions diffusion rate, which is consistent with the
ion diffusion coefficient calculations above.

4. CONCLUSIONS

Electrochromic porous TiO2 nanotube films with different crystal phases were successfully
coated on FTO substrates by the doctor-blade method combined with a subsequent post-annealing
process. The prepared TiO> films were transparent in the visible range and well colored in an electrolyte
solution of 0.5 M LiCIlO4 in PC. It was found that TiO2(B) phase film, with a well-ordered nanotube
structure, has a superior electrochromic performance even at -0.8 V bias voltage. The in situ optical
transmittance, measured at 633 nm by suppling the polarized potential between -0.8V (colored state) and
1.0 V (bleached state), indicates that the improved optical modulation range was obtained for TiO2(B)
(28.1%) compared to TiO anatase (4.5%) and anatase/TiO2(B) mixed phase (10%) films. The coloration
efficiency of pure TiO2(B) nanotube films reached a value as high as 66.69 cm?/C at 633 nm. These
results can be ascribed to the enhanced Li* diffusion coefficient of TiO2(B) with its open framework
structure, which facilitates the fast transport of Li* ions during the coloring process. Hence, this work
suggests that the TiO2(B) nanotube films are potential candidates for various electrochromic
applications.
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