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A flexible nano-photo-electrochromic poly(ethylene terephthalate) (PEID,—PO,—methylene blue
(MB) based film was obtained by the deposition of Fi@anoparticles on a PET conductive substrate.
A further covalent chemical bond of MB molecules on the Jfim by means of phosphate groups
ensures the photo-electrochromic properties of this device. Indeed, MB molecules can change color both
owing to the irradiation with red light, in the presence of electron donor molecules, and owing to the
oxidation reaction with an oxidizing agent. Because the oxidation reaction of MB molecules occurs at
the same electrode where the molecules are anchored, the film shows a very fast coloration time (600
ms). The thermal stability of the film and the anchoring of MB molecules on, Tié@hoparticles were
investigated by the differential scanning calorimetry technique. The morphologies of the surface and
cross section of the TiOayer were studied by a scanning electron microscope. Moreover, the device
was characterized in terms of light absorption by -thisible spectroscopy and optical transmission by
an optical line.

Introduction conducting substrate. Therefore, the coloring and bleaching
rates are limited by the diffusion rate of the chromophore to
the conducting substrates or by the migration rate of electrons
within the polymeric film. As a consequence, the switching
times of these devices are typically in the order of some tens
of seconds even for relatively small area device. On the other
hand, electrochromic conjugated polymers can have response
times of a few secondd.In particular, Reynolds obtained
electrochromic devices based on poly(3,4-propylenedioxy-
thiophene) derivatives with very rapid switching times
ranging from 0.3 to 0.8 ¥ Fitzmaurice et al. and Gratzel
developed an ultrafast electrochromic device based on

. . . molecular monolayers anchored on a semiconductor sur-

change in the transmittance of a material as the result of anface“*lﬁ The reve?/sible rocess is based on the chanae of

electrochemical oxidation or reductié®® The electroactive ) . P . . . .g
color of a suitable molecule that is colorless in the oxidized

f)??;éiso(f:gingﬁagt]g;%%E:;gizzog%tﬁr;ﬁigﬁ : duig E)Or :]f Oﬂ?énstate and colored iq the reduced state, adsorbed on th_e surface
character. After the current pulse, which enables the eIectronOf a colorless semlcppductor (usu_ally F)n _coqductmg
transfer to/from the working electrode, the device becomesglass' When a .suff|C|entIy negative pot.entlal IS qpplled,
colored/bleached and persists in this state until a reverseeIeCtron.S are injected "0“? the conductlng glass into the
electric pulse is applied or a competitive reaction takes place_conductlon band of the s_emmondug:tor reducing the adsorbed
Generally, the chromophore is either dissolved in a solution molecule and inducing its coloration. The ultrafast nature

or incorporated in a polymeric film deposited on a transparent of this (_jeV|ce IS a direct consequence of the c_omb|nat|on of
a semiconducting nanostructured metal oxide electrode,
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Development of chromogenic materials for glazing smart
windows has been actively pursued in recent years. The
change in the optical properties of these materials may be
activated by electricity, heat, or light. Examples of commonly
used chromogenic materials are certain transition metal
oxides such as W£and MoQ and organic compounds such
as viologens, diphthalocyanines, and conductive poly#érs.
The viologens are among the most studied chromogenic
material, and the change in coloration is achieved by an
oxidation—reduction reaction.

Electrochromism is defined as a reversible and visible
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Differently, photochromic molecules changes their chro- dispersed by the high shear force in the viscous paste, and it was
matic properties upon exposure to both natural and artificial diluted by adding dropwise 16 mL of water under continuous
ultraviolet (UV) light. The light radiation changes the 9grinding. A total of 50uL/cm? of the colloid was deposited on the
molecular conformation of the dye molecules causing a shift conductive surface of the PET film (sheet resistanceQafjuare)
of the light absorption peak which causes the color variation. 279 SPread on the surface by a spin-coater at 1200 rpm for 30 s.
If the radiation source is removed, dyes return to the original After drying in air at room temperature, the coated substrates were

tat hich b lorl if b tion falls in th putinto a Teflon-lined autoclave. A small amount of distilled water
state, which may be coloriess 1T no absorption 1alls In N€ ¢ a4ded at the bottom of the reactor so that the sample was not

visible region of the spectrur:'® in direct contact with water but with steam during the reaction.
Photo-electrochromic (PEC) materials change color both The reactor was placed in an oven at T@for 12 h. After the

on absorption of light and on application of an external hydrothermal treatment, the films were taken out, rinsed with water

electric field. Bechinger et al. developed a PEC device basedand afterward with methanol, and dried in an oven af@0The

on an inorganic W@ electrochromic film in combination ~ resulting film thickness was typically 04m.

with a dye-sensitized semiconductor electrétiEhis is able The morphology of the film was investigated by a scanning

to generate electrons creating the voltage necessary to drive®!ectron microscope LEO 420 (by Zeiss). ,
lithium ions into the electrochromic layer and coloring it. The phosphate group was bounded to the surface of the TiO

i L nanospheres by immersing the PETIO; film in 50 mL of a buffer
The notable characteristic of the PEC device is the use of phosphate solution (1 M, pH 4.0) at 46 for 30 min2* After the

a dye-impregnated TiQlayer. A low concentration of the i mopilization of the phosphate group on the PETTO, film, the

dye is used to maximize the transparency of the window. |atter was immersed in 25 mL of a 7OM MB solution at pH 6.0
Recently, our group developed a new organic PEC film for 30 min at room temperature. The resulting PETO,—PO,—

in which methylene blue (MB) is the active molecé?dt is MB film was washed several times with bi-distilled water until the

well-known that it is a photoactive agent in the triplet state Wastewater that resulted was uncolored, which is indicative of the

and that its photoreduction can occur in a solution containing anchoring of the MB molecules on the Ti@anospheres. Further

appropriate electron donors with a consequent change of itsdYing of the film in an oven for 30 min at 6%C was performed

color from blue to colorlesd-??> At the same time MB, for removing the last traces of washing water.

dissolved in a suitable solvent, can also be oxidized in the The adsorbed quantity of MB molecules on the film with respect
’ the phosphate group was determined by scanning electron micros-

presence of an oxidative agent; as a consequence _of the;:opy (SEM) and energy-dispersive X-ray (EDX) spectroscopy.
application of an external direct current (DC) electric field, pjtterential scanning calorimetry (DSC) technique, by means of a
when this electrochemical reaction occurs the color of the MiCRO DSC 11l (SETARAM), was useful to study the thermal
solution changes from light blue to intense bfge. stability of the film as well as the anchoring of the MB molecules
The main advantage of such a device is that it uses two on TiO, nanoparticles.
distinct techniques to perform the bleaching and the coloring.  The absorption spectrum of the film was measured by the-UV
In fact, it is possible to write on the film by means of a red vis spectrophotometer Jasco \/_550. The_electrolytic solution _is
laser beam and to erase by means of an electrical imulse. ¢0MPosed of 0.05 M ethyl viologen diperchlorate (cathodic

Inth t t hoto-electroch element), 0.2 M triethylamine (electron donor molecule), and 0.5
N he present paper we present a nano-photo-electrocnroy, | icio, (charge carrier). The 5 wt % of dipentaerythritol penta-
mic PET-TiO,—PO,—MB flexible film. In comparison with

) ) ) s acrylate (UV photopolymerizable monomer) and 1 wt % of Irgacure
the devices mentioned above, the peculiar characteristic ofg51 (UV photoinitiator) were added to the electrolytic solution.
this film is the use of polymeric conductive support of poly-  The solution was absorbed through the pores of a microporous polar
(ethylene terephthalate) (PET) which makes the entire deviceNafion112 membrane (DuPont) by immersing the membrane in the
flexible. In addition, the device is faster with regard to re- solution overnight. Afterward, the membrane was put between
coloring due to the deposition of a layer of Ti@anoparticles ~ PET-TiO,—PO,—MB and PET substrates, and the entire device
linked to the PEC MB molecules. was irradiated with UV light for 5 min to perform the polymeri-
zation of the acrylate monomer and to link in a stable way the
flexible supports of PEFTiO,—PO,—MB and PET to the Nafion
membrane. The resulting cell was sealed on the all sides with a

The method used for the preparation of nanocrystalline films Cyanoacrylate glue.
employs commercial TiQ(P25 by Degussa); a mixture of about The optical transmission of the sample was measured by means
30% rutile and 70% anatase. To break the aggregates into separat€f a suitably chopped red HeNe (632, 8 nm, 1 mW) laser beam
particles, 12 g of the powder was ground in a porcelain mortar (reading laser) perpendicular to the sample and incident on a
with about 4 mL of water and 0.4 mL of acetylacetone to prevent photodiode. The signal goes from the photodiode to a lock-in

the reaggregation of the particles. Afterward, the powder was amplifier EG&G 5209 connected to a computer for data recording.
The writing red He-He (632, 8 nm, 5 mW) laser beam is set at an

angle of about 6 with respect to the reading laser. The electric

Experimental Section
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Scheme 1. Schematic Representation of the Photochromic
Reaction of MB with an Electron Donor Molecule (:NRs)
'MB,’ <> 'MB™ — ‘MB™
(blue)

SMB™ + :NR; — MB" + ‘NR;"
(clear)

SMB™ + 0, - 'MBy* + 0,
(blue)

it attractive for a probable application. In light of this, the
aim of this work was the improvement of a previous PEC
device making faster the oxidation of the MB molecules at
the electrode®’ Indeed, the coloration rate of the PEC film
depends on the number of MB molecules oxidized at the
electrode in the unit of tim& In a previous work, the
coloring time dependence on the indium tin oxide (ITO)
thickness of the conductive substrates was already measurec
obtaining a coloration time of 10 s for the sample with 150
nm of ITO thicknesg® Therefore, it is evident that this kind
of process strongly depends on the roughness of the electrod
surface.

To notably increase the electrode active surface and the
number of oxidized MB molecules, consequently, a transpar-
ent layer of nanocrystalline Tidilm was deposited on the
electrode according to the method described by Ziérge
experimental section.

MB is an organic dye that strongly absorbs in the visible
region of the spectrum. When a MB molecule absorbs red
light, it undergoes a transition to an excited single staté.
This state can either return to the ground state or convert to
an excited triplet state. The latter is a better electron acceptor,
than the ground-state form, owing to its reasonable life time
(450us)?? In the presence of an electron donor molecule, it
subsequently reduces, changing its color from blue to Figure 1. SEM images of the surface and cross section of the, Ti@.

. . . . The bars are equal to 120 nm.
colorless. The sequence of described reactions is shown in a

Scheme 1. o charges, Ti@nanoparticles, because of their dimensions (25
MB can be oxidized in the presence of an oxidative agent, nm in diameter), offer a very h|gh surface area (5@9)]
as a consequence of the application of an external electric|n this way it has been possible to oxidize a great amount of
DC field.2®> When this electrochemical reaction occurs, its MB molecules per surface unit.
color changes from colorless to intense blue. The morphology of the surface and cross section of the
In practice, when an electrolytic solution, containing both TjO, layer are shown in Figure 1. It is evident that the
the electron donor molecule and the oxidizing agent, is in arrangement of the nanoparticles in the layer causes the
contact with the PEFTIO,—PQ,—MB film, it is possible  formation of a highly porous film. Moreover, because of their
to use both the photo- and electrochromic properties of MB. mutual contact, the electrical charges can easily have a very
Such a specific series of operations allow us to obtain a high mobility on the overall surface.
flexible nano-photo-electrochromic PETIO,—PQO,—MB The phosphate/sulfur (sulfur atom is present in MB
based film. _ molecules) molecular ratio was determined by microanalysis
By applying a voltage on the nanostructured 7&ec-  (EDX), and it was found to be 2:1; that is, for each pair of
trode, MB molecules, bonded to the electrode surface, arephosphate groups present on the surface of the, TiO
oxidized, and a fraction of ethylviologen molecules present nanospheres, there is one MB molecule anchored.
in the electrolytic solution are reduced on the opposite  The Ti/phosphate ratio was not determined. In fact,
electrode. - titanium is present in the total volume of the of the particle
The overall process results very fast. Indeed, the oxidationso it was very difficult to have direct information about the
rate is not dependent on the diffusion rate of the molecules amount of titanium present only on the particle surface. The
toward the electrode. Besides to be able to transport electricalsynthesis strategy for chemically bonding chromophore
molecules to Ti@ nanoparticles by using RQ@roups was
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Figure 3. Absorption spectra of the flexible film containing MB molecules ~ Figure 5. Optical transmission of the nano-photo-electrochromic film. The
(PET-TiO,—MB) and of the PET film. device was exposed to a red Hie laser, and an electrical impulse was
applied on it.

molecules were bonded, not simply absorbed, on,FiR0,
nanoparticles thermal properties of the Ti®PO,—MB contrary, the PET film is perfectly transparent to the visible
nanoparticles were investigated. It is well-known that the radiation up to 350 nm.
loss of chemical or electrostatic interactions is associated to  The resulting nano-photo-electrochromic film was char-
a variation of enthalpy. In light of this, DSC performed on acterized by means of UWis spectroscopy and an optical
the TiO,—PQ,—MB nanoparticles was a suitable technique line described in detail in the experimental section. Figure 4
for measuring the variation or heat flux associated to a shows the absorption spectrum of the device. Before the
probable desorbing of MB molecules from the surface of €xposition at the red light, the film presents the peak of
the nanoparticles. In Figure 2 is shown the DSC thermogram absorption of MB molecules (660 nm), resulting in an intense
of a sample specimen of Ti©@PO,—~MB nanoparticles blue coloration of the sample. After the red light irradiation,
heated from 25°C up to 200 °C. Indeed, at higher the device becomes transparent in about 20 s according to
temperatures MB molecules undergo thermal decomposition.the process shown in the Scheme 1. The absorption maxi-
It is evident that there is not any variation of heat flux mum disappears, and its absorption changes notably.
associated with the sample heating, which clearly indicates The optical transmission of the film, reported in Figure 5,
that MB molecules are chemically bonded to nanoparticles was measured by means of aHee laser (reading laser),
as well as there not being any degradation phenomenon. the intensity of which was decreased by a neutral density
This result was also confirmed by the fact that the filter and a pinhole of 30@m. Decreasing the power of the
wastewater of the washed PETiO,—PO,—MB film was reading laser was necessary to avoid interference with the
uncolored even if the color of the film was blue due to the writing laser during the bleaching of the film.
presence of the MB molecules. The zero-time optical transmission of the device is about
Figure 3 shows the UVvis spectra of PEFTiO,—PO,— 1% with respect to the air; when it is illuminated with a
MB and PET films. second He-Ne laser beam (writing laser) the bleaching
The PEF-TiO,—PO,—MB film, besides having the char-  process starts as a consequence of the reaction between the
acteristic absorption of Ti©at 400 nm, also presents the triplet state of the MB molecules and the electron donor
typical absorbance of MB molecules at 660 nm. On the triethylamine molecules. In this case the optical transmission
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reaches 57% in 20 s. When the writing laser is switched Conclusions
off, the Optical transmission of the film still maintains this A flexible nano_photo_e|ectrochromiC film was obtained
value for 1 day. by means of the deposition of TiOnanoparticles on

conductive PET. The PEC properties of this film are due to

On the contrary, the time necessary for re-coloring the the presence of MB molecules bonded to the sTi@ano-
sample, owing to the applicatiorf @ 1 selectrical impulse  spheres.
of 0.4 V DC, is about 600 ms. Such a re-coloring time is A substantial reduction in the re-coloring time of about
notably smaller than our previous device and comparable 16 times is obtained with respect the previous PEC film.
with that of the electrochromic device of Reynolds et?al. This improvement was obtained thanks to the innovative
The reason for the about 16 times reduction of the responseassembly design of this device. Moreover, using plastic
time is that the MB molecules are anchored at the electrode.conductive PET supports was also helpful to improve the
|ndeed, because molecules do not migrate toward theﬂeXIblllty of the film to make it attractive from the
electrode, the oxidation process is not dependent on the@pplicative point of view. Indeed, polymer foils are easier
diffusion rate. In addition, the number of oxidized molecules 0 handle in processing steps, such as cutting of larger entities
per surface unit is very high because of the great surface of"t© smaller individual modules.
the TiG, nanoparticles. CM061438M



