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Abstract: Electrochromic titanium dioxide (TiO2 ) nanostructured films were grown on gold coated
papers using a microwave-assisted hydrothermal method at low temperature (80 ◦ C). Uniform
nanostructured films fully covered the paper substrate, while maintaining its flexibility. Three acids,
i.e., acetic, hydrochloric and nitric acids, were tested during syntheses, which determined the final
structure of the produced films, and consequently their electrochromic behavior. The structural
characteristics of nanostructured films were correlated with electrochemical response and reflectance
modulation when immersed in 1 M LiClO4 -PC (lithium perchlorate with propylene carbonate)
electrolyte, nevertheless the material synthesized with nitric acid resulted in highly porous anatase
films with enhanced electrochromic performance. The TiO2 films revealed a notable contrast behavior,
reaching for the nitric-based film optical modulations of 57%, 9% and 22% between colored and
bleached states, at 250, 550 and 850 nm, respectively in reflectance mode. High cycling stability was
also obtained performing up to 1500 cycles without significant loss of the electrochromic behavior for
the nitric acid material. The approach developed in this work proves the high stability and durability
of such devices, together with the use of paper as substrate that aggregates the environmentally
friendly, lightweight, flexibility and recyclability characters of the substrate to the microwave synthesis
features, i.e., simplicity, celerity and enhanced efficiency/cost balance.
Keywords: TiO2 nanostructured films; paper substrates; microwave irradiation; electrochromic
stability and durability

1. Introduction
Titanium dioxide (TiO2 ) is a versatile material being investigated for applications ranging from
photocatalysis [1–5], dye-solar cells [6,7], sensors [8–11] to electrochromic devices (EC) [12–14]. In recent
years, the use of TiO2 integrated on electrochromic devices has been increasing exponentially [15–18],
also in association with tungsten oxide (WO3 ), which is the most widely studied electrochromic
material [19–24].
A material is considered electrochromic when a reversible change on its optical properties
(transmittance and reflectance) associated with an electrochemically induced oxidation-reduction
reaction occurs under an applied voltage or current [25]. In that case, TiO2 appears as an appealing
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electro-active material due to its intrinsic characteristics, such as high EC activity, strong oxidation
capability and enhanced chemical stability [26]. Moreover, TiO2 has a wide band gap (3.00 and 3.21 eV
for rutile and anatase, respectively [27], and from 3.13 to 3.40 eV [27,28] for brookite) and presents a
lattice structure that easily allows cation intercalation. This intercalation leads to additional electronic
states in its bandgap causing the change in optical properties which results in light absorption in the
visible range [15]. Indeed, TiO2 in the form of anatase is considered the most promising material for
electrochromic devices [14].
The EC materials are largely integrated in smart windows, displays and mirrors, however the
demand for flexible devices has been gradually growing in the recent years, especially due to their
conformability characteristic to unlike surfaces and the need to reduce production costs [29]. In this
sense, electronics on paper appears as an attractive option as cellulose is the most abundant biopolymer
on earth, inexpensive and guarantee highly flexibility to the device, despite being environmentally
friendly [30]. In fact, paper has been included in several optoelectronic devices, including solar cells,
transistors, among others [30,31], and lately paper started to appear as a reliable alternative for EC
devices, as previously reported in [30,32–34].
The production route of the electro-active materials is a key factor on the final cost of the EC
device, moreover the production route selected must be in line with the limitations of the substrates.
Several techniques have been reported to produce TiO2 EC films, including magnetron sputtering [35],
spin-coating [36] and sol-gel methods [37], hydrothermal synthesis [14], and microwave synthesis [38].
This latter synthesis route is compatible with flexible substrates [3,39] and paper electronics [40], and it
is reliable, inexpensive, simple and rapid. Moreover, the microwave synthesis guarantee precisely the
control of synthesis parameters [41], and thus the produced material homogeneity and uniformity. In
fact, the structure of the electro-active materials largely influences the final EC device performance,
where nanostructured or nanoporous films are desired [13].
The present study reports the synthesis and characterization of TiO2 nanostructured films using
paper as substrate, and produced with a hydrothermal method assisted by microwave irradiation.
Low temperature synthesis was employed (80 ◦ C) and the materials were tested as EC devices. The
main goal is to produce TiO2 electrochromic nanostructured films with low-cost synthesis routes but
also the fabrication of highly electro-active, stable, flexible, environmentally friendly, and cost effective
EC devices. Moreover, to the best of the author’s knowledge, TiO2 nanostructured films grown with a
microwave-assisted hydrothermal method and having gold coated-paper substrates to be employed as
EC devices has never been reported before. Structural characterization of the TiO2 nanostructured
films has been carried out by scanning electron microscopy (SEM) coupled with focused ion beam
(FIB) and X-ray energy dispersive spectroscopy (EDS), and by Raman spectroscopy.
2. Experimental Details
2.1. Synthesis of TiO2 Films and Gold Deposition
Hydrothermal synthesis assisted by microwave irradiation has been used for the production of
the TiO2 nanostructured films. For the TiO2 microwave synthesis, it has been used deionised water,
titanium (IV) isopropoxide (Ti[OCH(CH3 )2 ]4 , TTIP, 97% from Sigma Aldrich), and three types of acid,
i.e. nitric acid (HNO3, 65%), hydrochloric acid (HCl, 37%) and acetic acid glacial (CH3 COOH, 99%). In
each synthesis, 55 mL of water was added to 5 mL of each acid and stirred for 5 min. Then, 2 mL of
TTIP was mixed, leaving the final solution under stirring for 10 min before synthesis.
Whatman chromatography paper grade two was used as substrate. This pure cellulose paper has
been selected due to the lack of impurities or additives present together with its uniformly absorbent
properties [42,43]. Prior to synthesis, the paper substrate was subjected to the conductive layer
deposition. At this point, a gold film of 140 nm was deposited by e-beam evaporation in a homemade
system and at room temperature. Gold is the most common thin-film conductor material, however its
electrical properties are largely influenced by several parameters including the substrate used [44]. One
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2.2. Characterization Techniques
2.2. Characterization Techniques
X-ray diffraction measurements were carried out using a PANalytical’s X’Pert PRO MPD
X-ray diffraction measurements were carried out using a PANalytical’s X’Pert PRO MPD
diffractometer equipped with a X’Celerator 1D detector and using CuKα radiation. The XRD
diffractometer equipped with a X’Celerator
1D detector and using CuKα radiation. The XRD
diffractograms were obtained in the 20–45◦ 2θ range with a step size of 0.05◦ . The powder diffractograms
diffractograms were obtained in the 20–45° 2θ range with a step size of 0.05°. The powder
of rutile, anatase, brookite were simulated with PowderCell [46] using crystallographic data from
diffractograms of rutile, anatase, brookite were simulated with PowderCell [46] using
reference [47] for comparison.
crystallographic data from reference [47] for comparison.
Raman spectroscopy experiments were performed with an inVia Qontor confocal Raman
Raman spectroscopy experiments were performed with an inVia Qontor confocal Raman
microscope from Renishaw. The measurements were obtained with a 17 mW He–Ne laser operating at
microscope from Renishaw. The measurements were obtained with a 17 mW He–Ne laser operating
532 nm. Surface and cross-section SEM observations were carried out using a Carl Zeiss AURIGA
at 532 nm. Surface and cross-section SEM observations were carried out using a Carl Zeiss AURIGA
CrossBeam FIB-SEM workstation equipped for EDS and FIB measurements. The FIB experiments were
CrossBeam FIB-SEM workstation equipped for EDS and FIB+ measurements. The FIB experiments
performed to observe the thickness of the TiO2 films. The Ga ions+ were accelerated to 30 kV at 20 pA
were performed to observe the thickness of the TiO2 films. The Ga ions were accelerated to 30 kV at
and the etching depth was kept around 1 µm. The dimensions of individual nanoparticles and films
20 pA and the etching depth was kept around 1 μm. The dimensions of individual nanoparticles and
have been determined from SEM micrographs using ImageJ software [48].
films have been determined from SEM micrographs using ImageJ software [48].
2.3. Electrochromic Measurements
2.3. Electrochromic Measurements
The TiO2 nanostructured films had their electrochromic behavior investigated by cyclic
The TiO2 nanostructured films had their electrochromic behavior investigated by cyclic
voltammetry (CV) on a potentiostat (Gamry reference 600). All materials were electrochemically cycled
voltammetry (CV) on a potentiostat (Gamry reference 600). All materials were electrochemically
in 1 M LiClO4 –PC, at a scan rate of 500 mV/s, in a three-electrode arrangement, with Au paper with the
cycled in 1 M LiClO4–PC, at a scan rate of 500 mV/s, in a three-electrode arrangement, with Au paper
TiO2 nanostructured films as the working electrode, platinum wire as counter electrode and Ag/AgCl
with the TiO2 nanostructured films as the working electrode, platinum wire as counter electrode and
as the reference electrode. It has been applied a voltage of −5 V and 5 V. The higher applied potential
Ag/AgCl as the reference electrode. It has been applied a voltage of −5 V and 5 V. The higher applied
window tested in this study is associated to the porous substrate used.
potential window tested in this study is associated to the porous substrate used.
The optical reflectance between 200 and 800 nm was measured using a UV–VIS-NIR
The optical reflectance between 200 and 800 nm was measured using a UV–VIS-NIR
spectrophotometer (SPEC STD UV/Vis, Sarspec, Vila Nova de Gaia, Portugal). For calibration,
spectrophotometer (SPEC STD UV/Vis, Sarspec, Vila Nova de Gaia, Portugal). For calibration, the
the measurements were performed considering the Au paper with the TiO2 nanostructured films plus
measurements were performed considering the Au paper with the TiO2 nanostructured films plus
the electrolyte (1 M LiClO4–PC) as 100%. The in-situ reflectance changes of the TiO2 electrochromic
films were measured with the same spectrophotometer combined with the potentiostat at a
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the electrolyte (1 M LiClO4–PC) as 100%. The in-situ reflectance changes of the TiO2 electrochromic
films were measured with the same spectrophotometer combined with the potentiostat at a wavelength
of 550 nm, applying a voltage of −5 V and 5 V. The samples were immersed in the electrolyte contained
in a glass cell, using a platinum wire as counter electrode.
3. Results and Discussion
TiO2 nanostructured films were synthesized using a microwave-assisted hydrothermal method
and having paper as substrate with gold contacts to be used as electrochromic flexible devices. The
syntheses were carried out using different acids, at low temperatures and without any seed layer.
The TiO2 nanostructured films and final devices were systematically investigated including their
electrochromic behaviors.
3.1. Structural Characterization
Figure 2 depicts the SEM images of pristine Au paper together with the TiO2 nanostructured
films. As observed in analogous studies [10,43], the TiO2 nanostructured films were grown on the
cellulose-based substrate without any seed layer and directly on the Au contact. It has been previously
stated that the paper roughness facilitates nucleation and fixation of the TiO2 nanostructures [10].
The structure of the deposited Au film is presented in Figure 2a, and no similarity to the TiO2 films
could be observed. The Au contacts appear as a uniform and homogeneous layer, without any visible
porosity. The cellulose fibers of the Whatman paper could be observed after microwave synthesis,
however with the magnified SEM image, it is clear that the substrates were uniformly covered, forming
continuous TiO2 nanostructured films. Moreover, the structural differences observed comparing the
acids are evident. The TiO2 film synthesized with nitric acid is composed by densely and closely
packed nanoparticles joined to form spherical-like structures nanoaggregates, with ~30 nm of mean
diameter (Figure 2b). From the cross-section, it can be seen that the nitric-based film is highly porous,
with film thickness around 350 nm. When it turns to the hydrochronic-based TiO2 film (Figure 2c), it
can be observed a rougher overall structure, but formed by fine densely agglomerated nanoparticles
(~10 nm). From FIB measurements, it could also be observed nanoporosity, with a film thickness
of 200 nm. In the case of the acetic acid, a compact and homogeneous film could be observed after
synthesis. The nanostructured film was composed by nanoparticles with sizes around 10 nm, and
thickness varying from 300 to 500 nm. Low porosity could be observed from the cross-section, in
fact the acetic film revealed to be thicker than the other materials synthesized (Figure 2d). The
expressive structure differences observed regarding the acid used are expected to be related to the
microwave synthesis path. Figure S1 shows the microwave pressure profile associated to the acid used.
It is clear the synthesis using nitric acid reached highest pressure values throughout the synthesis,
followed by hydrochloric acid and then acetic acid. The microwave pressure/temperature relation to
the outcome of nanoparticles has been previously reported. Li et al. [49] suggested the direct effect of
applying higher microwave synthesis pressure to the morphology and size of the nanomaterials. It
has been also demonstrated the influence of the solvent used during syntheses and the final synthesis
temperature/pressure with a direct effect on the nanoparticle structure [39,50]. These effects are related
to the microwave interactions to the reagents or precursors, and solution medium, that will influence
the nucleation and crystallization rates [51].
EDS analyses were carried out on all films synthesized, confirming the homogeneous distribution
of Ti along the substrates (Figure 3). Au comes from the contacts deposited, and no other impurities
were detected. The significant presence of C and O is also related to the Whatman paper substrate
used [43]. Moreover, it has been noticed that the Ti EDS map is more intense for the acetic-based film,
with is expectable since this is the thicker film synthesized (Figure 3l).
Raman spectroscopy and X-Ray diffraction measurements were carried out for the TiO2
nanostructured films together with the pristine Au paper. A considerable contribution from the
substrate was observed on XRD diffractograms, hindering the TiO2 signal (Figure 4a). The XRD

Appl. Sci. 2020, 10, 1200

5 of 14

characteristic peaks of native cellulosic fibers are clearly observed at 22.7◦ and 35◦ , in agreement to the
literature [43,52]. Nevertheless, at ~25◦ , a slightly peak was detected, which can be associated to the
presence of anatase. Raman spectroscopy was able to overcome the XRD limitation, allowing the precise
Appl. Sci. 2020, 10, 1200
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Figure 3. SEM images of the TiO2 nanostructured films produced using nitric acid (a), hydrochloric

Figure 3. SEM images of the TiO2 nanostructured films produced using nitric acid (a), hydrochloric
acid (f) and acetic acid (k) together with their corresponding energy dispersive spectroscopy (EDS)
acid (f)Figure
and acetic
acid
(k) together
their corresponding
energy
dispersive
(EDS)
3. SEM
images
of the TiOwith
2 nanostructured
films produced
using
nitric acidspectroscopy
(a), hydrochloric
maps of Ti, (b,g,l), Au (c,h,m), C (d,I,n) and O (e,j,o).
and acetic
acid (k)Ctogether
with O
their
corresponding energy dispersive spectroscopy (EDS)
maps ofacid
Ti, (f)
(b,g,l),
Au (c,h,m),
(d,I,n) and
(e,j,o).
maps of Ti, (b,g,l), Au (c,h,m), C (d,I,n) and O (e,j,o).

Figure 4. (a) XRD diffractograms of the TiO2 nanostructured films grown on Au paper together with
the pristine Au paper. For comparison, the simulated XRD diffractograms of rutile, brookite and
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3.2. Electrochromic and Electrochemical Behavior
The electrochromic behavior of the TiO2 nanostructured films grown on Au paper with different
acids was investigated by measuring the reflectance variation between 200 to 800 nm. In order to get
comparable results, the same active area (1 cm2 ) was defined for all EC devices. Figure 5 shows the
data obtained after several coloration/bleaching cycles up a maximum of 1500 in 1 M LiClO4 –PC and
applying ±5 V in order to stabilize the redox reactions. The insertion/deinsertion of Li+ in the TiO2
nanostructured films is accompanied by a color change. The TiO2 nanostructured films change from
dark blue, at the colored state, to transparent appearing the yellow coloration from the Au contact
color, at the bleached state. The optical modulations of TiO2 films between colored and bleached states
were: 57%, 9% and 22%, at 250, 550 and 800 nm, respectively, for the nitric-based material, while the
hydrochloric film, it presented 13%, 8% and 20% at 250, 550 and 800 nm, respectively. The acetic-based
TiO2 film, reached optical modulations of 10%, 3%, and 12% at 250, 550 and 800 nm, respectively. The
increase of reflectance in the IR region has been reported previously for TiO2 [59]. The highest optical
modulation was achieved for the nitric-based film, demonstrating a good contrast behavior with deep
color change, as can be seen on Figure 5a. The enhanced electrochromic performance observed for
the TiO2 film synthesized with nitric acid is expected to be related to the high porosity observed
(Figure 2b). The higher EC performance with porous materials have been reported previously [60,61],
and it has been attributed to the increment in charge density incorporated into porous layers (easier
electrolyte penetration and Li+ diffusion) during the oxidation and reduction reactions [60,61]. The TiO2
film synthesized using hydrochloric acid also demonstrated the presence of porosity in its structure,
however due to its lower thickness, it is expected a poorest EC performance when compared to nitric
since thin layers are known to have less active mass [62]. The compact structure of the acetic-based
TiO2 film is thought to be responsible for the worst EC performance observed.
The reflectance measurements also demonstrate the high durability of the EC device produced
with TiO2 nanostructured films on paper substrates. As it has been previously said, to the author’s
best knowledge, it has never been reported a fully flexible EC device using TiO2 on paper, and Figure 5
shows that this kind of substrates are reliable for at least 1500 cycles using a liquid electrolyte.
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As previously described, the TiO2 coloration into dark blue is associated to the intercalation of Li+
in TiO2 . Thus, it is assumed that Li+ insertion/extraction is responsible for the gradual optical change of
the TiO2 nanostructured films, and so applying a negative potential causes the rapid accumulation of
electrons on the TiO2 , which is compensated by small ions located close to the TiO2 -eletrolyte interface.
The proposed mechanism is suggested to be based on the formation of Ti3+ ions and the presence of
the electrons in the conduction band [63]. The coloration state is attributed to the formation of the
compound Lix TiO2 according to the cathodic Equation (1) [63,64]:
TiO2 + xLi+ + x e− ↔ Lix TiO2

(1)

where x is the total of Li+ intercalation and e− represents the charge-compensating electrons [65].
Cyclic voltammetry measurements were carried out for all the TiO2 nanostructured films
synthesized (Figure 6). Moreover, in Figure S2, it is presented all the voltammograms (1500 cycles)
obtained during the CV experiments for the three types of TiO2 films studied. The films’ anodic
scan oxidation leads to the bleaching state, and the cathodic scan reduction is associated to their
coloring states. The nitric-based film demonstrated to be highly stable during cycles, maintaining the
consistence during measurements without significant loss of its EC performance with the increase of the
number cycles. In fact, the nitric-based material continued to work as an EC device after the cycles limit
imposed (results not shown). In the cases of the hydrochloric and acetic-based films, it is clear that the
EC performance has decreased with the increase of cycles, until the deficient EC device operation, with
possible loss of optical modulation (Figure S2). Despite the increase in anodic and cathodic currents
observed for the material synthetized with hydrochloric acid, its EC performance was substantially
lower than the nitric one. Generally, the increase of anodic and cathodic currents indicates that the
amount of ions and electrons inserted into the film also increases resulting in enhanced EC reaction
activities [62], however, this effect has not been observed, as it can be seen by the instability observed
on the CV voltammograms and lower durability of the device, with intercalation and deintercalation
up to 850 cycles. The TiO2 film synthetized with acetic acid demonstrated the poorest EC performance,
reaching maximum of 800 cycles and lower currents (~±1 V), in agreement to what was observed in
the optical measurements (Figure 5c).
The CV measurements attested the durability of TiO2 nanostructured films, and as previously
mentioned, the porous and thick structure of the nitric-based material guaranteed an improved EC
performance, when compared with the other acids. Considering this, lifetime cycles measurements
were carried out for this material (Figure 7). In order to stabilize the reflectance, the switching time was
fixed at 240 s. The switching between both states was observed, with coloration of 71 s and bleaching
times of 58 s, calculated as the time required to reach 10% to 90% of the initial and final reflectance
values, respectively. Despite the long bleaching and coloring times, from the video presented in
supplementary information, the visual color turning is faster than what was measured.
Other studies also reported the switch behavior of paper EC devices.
Lang
et al. [30] demonstrated EC devices with paper-based substrates and printed poly-(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) electrodes showing slower switching
time when produced with a lateral device architecture. Tehrani et al. [32] reported PEDOT:PSS-based EC
displays with an extra layer of dihexyl-substituted poly(3,4-propylenedioxythiophene) (PProDOT-Hx2)
and using flexible paper substrates in roll-to-roll printing. It has been demonstrated slow switch to
the OFF-state of the produced devices, which was attributed to the poor ionic conductivity of the
PProDOT-Hx2 film in the aqueous electrolyte. Taking in consideration paper-based UV sensors from
an analogous study [10], the contribution from the paper structure shown to be imperative to the final
performance of the electronic devices, so following this line, it can be suggested that a similar effect can
occur with the EC devices.
Nevertheless, the low time response does not limit the utilization of such devices in every-day
life, since it can be perfectly integrated in disposable sensors, such as in signaling devices, for one-time
response. Moreover, the approach developed decreases the time of production and the fabrication cost of
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related devices, since it joins the celerity and enhanced efficiency/cost balance of microwave synthesis to
Appl. Sci. 2020,
10, 1200 of the cellulose-based substrate used. In fact, electronics on paper is proving
10 of 14 to
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be an enabling technology for smart low-cost paper-based sensors, such as smart point-of-care biosensors
such as smart point-of-care biosensors and UV sensors, as photovoltaic devices [10,31,52], and as
and UV shown
sensors,
as photovoltaic devices [10,31,52], and as shown in this work, as electrochromic devices.
in this work, as electrochromic devices.
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4. Conclusions
4. Conclusions
In this work, TiO2 nanostructured films grown on paper substrate and using different acids were
In this work, TiO2 nanostructured films grown on paper substrate and using different acids were
produced under microwave irradiation at low temperature (80 ◦ C) to be employed as EC devices.
produced under microwave irradiation at low temperature (80 °C) to be employed as EC devices.
The final structure of the produced films and their electrochromic behavior was deeply related to
The final structure of the produced films and their electrochromic behavior was deeply related to the
the acid used, with enhanced electrochromic performance for the film synthesized with acid nitric
acid used, with enhanced electrochromic performance for the film synthesized with acid nitric due
due to its higher thickness and highly porous nanostructure. In fact, nitric-based films resulted in
to its higher thickness and highly porous nanostructure. In fact, nitric-based films resulted in EC
EC devices with high cycling stability, without significant loss of their electrochromic behavior after
devices with high cycling stability, without significant loss of their electrochromic behavior after 1500
1500 cycles. The present work demonstrated that the simple approach developed is an effective and
cycles. The present work demonstrated that the simple approach developed is an effective and
attractive alternative for producing flexible devices for several commercial applications, and due to the
attractive alternative for producing flexible devices for several commercial applications, and due to
characteristics of the production techniques and substrates used, next-generation of green, one-time
the characteristics of the production techniques and substrates used, next-generation of green, oneuse and inexpensive EC devices with TiO2 can be thought.
time use and inexpensive EC devices with TiO2 can be thought.
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