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The direct UV irradiation of nanoparticulate TiO, films deposited by the “doctor-blade” technique led
to 1.1 um thick nanoporous and nanocrystalline anatase layers on various kinds of substrates as evidenced
by various characterization techniques (MET, SEM, XRD, TGA-MS, and N, sorption measurements).
These films demonstrated high electrochromic responses and coloration efficiencies in an ionic liquid
containing a lithium salt, which is a stable and environmental friendly electrolyte. The coloration efficiency
reached 38 cm? C~! for films on ITO/plastic, for a 0.65 absorption change at 710 nm, whereas the
corresponding film on FTO/glass showed a 40 cm® C ™' coloration efficiency for a 1.1 absorbance change
at 710 nm. The high surface area, nanoporous texture, and nanoparticulate structure of these layers provide
a large number of intercalation sites, and minimal diffusion path lengths are ensured by the high surface-

to-volume ratio.

Introduction

Expanding growth of wireless technologies and modern
electronics (laptops, electronic paper, mobile phones, glazing
smart windows, etc.) require the design of inexpensive,
lightweight, and efficient optoelectronic devices such as
portable solar cells or electrochromic devices on flexible
substrates. In the field of electrochromism, which is defined
as a reversible change in UV—visible absorption properties
of a given compound under an external electric field,' various
chromogenic materials have been studied and developed with
success. They include transition metal oxide structures such
as tungsten oxide (WO3)? and nickel oxide (NiO),? organic
molecules such as viologens* and conductive polymers as
poly(3,4-propylenedioxythiophene)’ and hybrid systems that
associate at the nanometric scale a semiconducting metal
oxide and a chromogenic organic compound.®

Among the various binary and tertiary metal oxides
available, nanocrystalline titania demonstrates several ad-
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vantages for optoelectronic applications due to its nontoxic
character and intrinsic physicochemical properties that
combine hardness, electronic conductivity, transparency to
visible light, chemical inertia and large specific surface areas.
In addition, since the breakthrough performed by Gritzel et
al. in 1991,” nanocrystalline nanoporous titanium dioxide
electrodes deposited on conductive glass substrates sensitized
with polypyridyl ruthenium complexes found widespread
applications in the field of solar cells. The corresponding
devices show energy conversion efficiencies as high as
11.2%" and provide a low-cost alternative to amorphous
silicon photovoltaic cells. Moreover, titanium dioxide changes
from white to dark blue upon lithium insertion that confers
electrochromic properties to the corresponding devices.
However, the usual preparation route of TiO, films involves
high temperature sintering (above 400 °C) in order to create
efficient connections between the oxide nanoparticles.” Such
conventional routes are therefore limited to thermally stable
substrates, such as glass. Consequently, several routes have
been investigated to produce thick nanoporous TiO, elec-
trodes at temperatures lower than 150 °C for flexible dye-
sensitized solar cells such as UV irradiation of doctor-blade
deposited films containing nanoparticles and a metallo-
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organic TiO, precursor,'® hydrothermal post-treatment,'’
compression,'? chemical sintering,'® high-frequency micro-
wave processing,'* or UV-laser sintering.

To the best of our knowledge, only one plastic electro-
chromic device based on TiO, has been reported so far.'®
On ITO/plastic the capacity was high, but the coloration
remained weak. More recently, a titania film was deposited
on ITO/glass through chemical solution deposition and heated
at 150 °C. The performances were a 0.27 optical density
change at 550 nm and an 11 mC cm™? insertion for a 0.3
um thick film after 1 min (corresponding to a 24.5 cm> C ™!
coloration efficiency (CE)). 17 1t is also worthwhile to mention
that a flexible nanophoto-electrochromic device on a ITO/
PET substrate using a nanocrystalline TiO, electrode has also
been described, for which the color change is not due to the
TiO; itself but to the oxidation/reduction of methylene blue
anchored on the surface of the nanoparticles.'® The TiO, film
is prepared by spreading a TiO, colloid on ITO/PET followed
by a hydrothermal treatment.

In this paper, we report a preparation route of nanocrystalline
nanoporous TiO; thin films through low-temperature processing
using hydrothermal nanoparticles. Our film-manufacturing
process relies on the deposition at room temperature of a TiO,-
based colloid by the “doctor-blade technique” on a conductive
substrate (either a glass or plastic-based substrate). Afterward,
the particle interconnection simply occurs through UV irradia-
tion with a 125 W high pressure mercury lamp. To the best of
our knowledge, such a straightforward costless method has
never been reported before. The morphology and the structure
of the titania thin layers have been thoroughly characterized
by nitrogen adsorption/desorption porosimetry, scanning (SEM)
and transmission (TEM) electron microscopies, X-ray diffraction
(XRD), infrared spectroscopy (FTIR), and thermogravimetric
analysis coupled to mass spectrometry (TGA-MS). As an
illustrative application, the electrochromic behavior of the films
coated on conductive substrates (glass and plastic) has been
investigated in a lithium conductive hydrophobic ionic liquid.

There are two original aspects in our work: (i) low-
temperature UV sintering of oxide nanoparticles enabling
an easy process of the films on flexible substrates, which
should lead to new industrial fabrication methods and
applications; (ii) the use, for TiO,, of a hydrophobic lithium
conducting ionic liquid as supporting electrolyte in an
electrochromic system. Indeed, such a viscous electrolyte
should allow us to circumvent the low durability of the
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nanocrystalline titania-based optoelectronic devices due to
leakage and evaporation phenomena caused by the use of
organic liquid electrolytes in the most efficient systems."?

Experimental Section

Materials. Standard chemicals (Acros Organics, Lancaster, Aldrich)
were used as received without any further purification. Lithium
bis(trifluoromethylsufone)imide (LiTFSI) and 1-butyl-3-methylimida-
zolium (BMITFSI) were purchased from Aldrich and Solvionic,
respectively. F-doped SnO,-glass (Solems), Au/Sn-doped In,O;—PET
and Sn-doped In,O;—PET (Bekaert) were used as transparent conduc-
tive substrates. Their sheet resistances, measured using a homemade
four probe setup,”® were ~10, 15, and 70 Q/O, respectively. The
conductive substrates were cleaned beforehand by sonication in propan-
2-ol followed by UV irradiation in an air atmosphere.

Synthesis of the TiO, Nanoparticles. The preparation route of
the titanium dioxide nanoparticles was adapted from the one proposed
by Zaban and co-workers.>' A solution of 19 g of tetra(propan-2-
oxy)titanium (Acros Organics) in 20 mL of propan-2-ol (Acros
Organics) was progressively added to 91 mg of glacial acetic acid
(Lancaster) in deionized water (26.8 mL) under strong stirring (pH
3). The solution was stirred for 15 h at room temperature, and then
the volatiles (acetic acid and propan-2-ol) were eliminated by heating
at 120 °C. The resulting powder was then mixed with about 20 mL of
deionized water and heated at 250 °C in an autoclave for 13 h. The
resulting powder was dried at 300 °C for 30 min and then bleached
under UV irradiation for 3 h to yield 5.3 g of titanium dioxide as a
white powder (yield: 99%).

Nanocrystalline Nanoporous TiO, Electrode Fabrication. To
prepare the porous electrodes, 0.5 g of the previous TiO, powder was
first dispersed into 5 mL of deionized water containing pentan-2,4-
dione (1 mL) and Triton X-100 (6 drops) used as a surfactant. Aliquots
of the resulting colloid were deposited on the conductive substrates
and spread over with a glass rod. Two parallel strips of 40 um spacers
(Magic Tape, 3M) located along the substrate edges enabled to control
the thickness of TiO, layers and provided uncoated areas for electrical
contacts.

After being dried in air for 15 min, the films were exposed for
3 h to UV irradiation (Philips HPL-N lamp, 125 W) to yield TiO,
electrodes.

Sample Characterization. Fourier Transform Infrared studies
were carried out with a Perkin-Elmer spectrum 100 FT-IR spec-
trophotometer using KBr pellets and a MIRacle ATR platform from
PIKE Technonolgies. TGA-MS studies were performed on a
Netzsch STA409 simultaneous analyzer coupled with a Thermostar
GSD 300T3 Balzers Instruments mass spectrometer. Thermo-
gravimetry (TG) curves were recorded in the 50—500 °C temper-
ature range with a heating rate of 5 °C min~' under an argon flow.
The morphology of the films was investigated by field-emission
scanning electron microscopy (FE-SEM) with a JEOL JSM-6700F
microscope. TEM micrographs were obtained using a JEOL-JEM
2000FX microscope. The samples were prepared by a pickup from
a suspension of TiO, nanopowder in ethanol. The texture of the
TiO, nanoparticles and of the films scraped off the substrate was
analyzed by nitrogen sorption isotherm (77 K) measurements. Data
were collected using the static volumetric method with an ASAP2010
(Micromeritics) apparatus. Samples were degassed at 120 °C in
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vacuo for a time interval long enough to reach a constant pressure
(<10 um Hg). Specific surface areas were calculated by applying
the BET equation between 0.1 and 0.3 relative pressures. Pore size
distributions were evaluated by the Barrett, Joyner, Halenda (BJH)
method for mesopores (pores of diameter 2—50 nm).?* The overall
pore size distribution was determined using the desorption branch
of the sorption isotherm and the calculation was performed by the
Micromeritics software package which uses the recurrent method
and applies the Harkins and Jura equation for the multilayer
thickness. Powder X-ray diffraction patterns were collected on a
Philips 6—26 PW1820 diffractometer. A continuous scan mode was
used to collect 26 data from 5—80° with a 0.1 sampling pitch and
a2° min~ ' scan rate. Thickness determination was carried out with
a KLA Tencor Alfa-step 1Q profilometer.

Electrochromic Measurements. Titanium dioxide films were
dried for 3 h at 120 °C under vacuum and then immersed in a
lithium conducting ionic liquid electrolyte in a three-electrode
configuration electrochemical cell, in a glovebox filled with argon.
The electrolyte solution was composed of 0.1 M lithium bis(trif-
luoromethylsulfone)imide (LiTFSI) (Aldrich) in 1-butyl-3-meth-
ylimidazolium bis(trifluoromethylsulfone)imide (BMITESI) (Solvi-
onic). The reference electrode was a pseudo Ag/AgCl electrode
and the counter electrode was a platinum plate. The electrochemical
measurements were carried out with a Voltalab PGZ301 poten-
tiostat. The UV —visible spectra were measured with an Evolution
100 spectrometer (Thermo Electron Corporation).

Results

Thin Film Preparation and Characterizations. In this
work, we employed TiO, nanoparticles prepared by a sol—gel
route followed by a hydrothermal post-treatment. TEM
images revealed the formation of nanoparticles of various
sizes and shapes, the average particle size being around 15
nm (Figure 1A). The as-synthesized nanoparticles were
dispersed in water in the presence of a chelating agent and
a nonionic surfactant to provide a stable colloidal solution.
The latter was then coated over various conductive substrates
by the “doctor-blade” technique and the resulting layers were
illuminated under UV light to yield 1.1 um thick films.
According to SEM observations (Figure 1B), the layers were
homogeneous, crack-free and composed of a porous network
of aggregated nanoparticles, the size of which falls into the
same range as that of the as-synthesized sol—gel particles,
i.e., 15 nm. To get further insight into the actual texture and
structure of the porous layers, we studied scraped off films
by XRD and N, sorption porosimetry. The crystallinity of
the UV-processed materials was similar to that of the as-
prepared nanoparticles. Indeed, the anatase titanium dioxide
phase was clearly identifiable in the X-ray diffraction patterns
with main features at d (A) values of {101}(3.520), {103}
(2.431), {004} (2.332), {200} (1.892), {105} (1.6999), {211}
(1.6665), {204} (1.4808}, {116} (1.3641), {220} (1.3378),
{215} (1.2649), and {301} (1.2509).>* The Scherrer relation
was exploited, assuming a shape factor of 0.9, to estimate
the average crystallite sizes using the most intense diffraction
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Figure 1. Texture and morphology of the TiO, nanoparticles and of a 1.1
um thick UV-processed TiO; film. (A) TEM image of the TiO, Nanopar-
ticles; (B) HR-SEM micrograph of the film.

peaks.?* An average nanocrystallite size of about 13 nm was
deduced for the UV-processed films, which is in good
agreement with the nanoparticle size deduced from TEM and
SEM measurements. In addition, a weak peak at 30.8°,
corresponding to d (A) value of {121} (2.90 A), revealed
the presence of a small amount, i.e., 10%, of the brookite
phase®® with an average nanocrystallite size of about 8 nm.
As far as the porosity of the UV-processed films is
concerned, the N, adsorption—desorption isotherm showed
a pure type IV shape with an H2 type hysteresis loop typical
of mesoporous materials prepared by sol—gel or hydrother-
mal routes (Figure 2).>° The pore size distribution inferred
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Figure 2. Nitrogen gas adsorption—desorption isotherms and pore-size
distribution (inset) of a UV-processed nanoparticulate TiO, layer scraped
off the substrate.

from the classical BJH plot (Figure 2, inset) was rather large
with an average pore size diameter of about 14 nm.
Moreover, the Brunauer—Emmet—Teller (BET) specific
surface area and total pore volume were estimated to be
90—100 m? g " and 0.34 cm® g~ !, respectively, which led
to an overall porosity of 55%. Consequently, these data were
consistent with the formation of nanoporous anatase titania
thin films exhibiting the same texture and structure as the
as-prepared TiO, nanoparticles showing that the UV treat-
ment has no significant densification or sintering effect.

To shed light on the nature of the organics remaining in
the films after each treatment performed, scraped off films
were studied by infrared spectrometry and thermogravimetry
coupled to mass spectrometry (TGA-MS). Regardless the
treatment used, the FTIR spectrum showed a wide absorption
band due to OH stretching modes ranging from 3600 to 2500
cm™ ' along with the associated deformation mode around
1680 cm ™', a weak peak at 1380 cm ™' possibly related to
carbonaceous species, and a prominent broad absorption
bands centered at 750 c¢cm™' attributed to Ti—O and
Ti—O—Ti stretching vibration modes.?” The corresponding
ATR spectra showed the presence of a broad peak below
650 cm ™' corresponding to TiO; lattice vibrations, and two
broad peaks around 1600 cm ™" and 3200 cm ™' correspond-
ing to water and hydroxyl groups. Nonetheless, the UV-
processed film showed weak peaks at 1738, 1374, 1227, and
around 1100 cm™'; which might be attributed to the presence
of small amounts of carbonates (Figure 3).*® Furthermore,
the TG (thermogravimetric) curves shown in Figure 4 depict
the change in the mass of the films, dried at RT or UV-
exposed in air for 3 h after drying, between 50 and 500 °C
under an argon flow. The TG of the dried films (Figure 4A)
showed a continuous mass loss occurring in three main
successive steps of 3.8% (from 50 to 200 °C), 8.4% (from
200 to 420 °C) and 6.0% (from 420 to 500 °C) to yield a
final residue of 81.8%. The main species detected by MS
measurements were water (m/z 18), carbon dioxide (m/z 22,
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Figure 3. Infrared spectra (ATR mode) of a) the as-synthesized TiO,
nanoparticles 1, (b) UV-processed TiO, Layer. Arrows indicate the
resonances mentioned in the text.
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Figure 4. Thermogravimetric analysis plot of the scraped off TiO; films:
(a) Dried in air (dotted line); (b) UV-treated in air for 3 h (full line).

44), ethanol and its fragments (m/z 29, 45, 46), pentan-2,4-
dione and its fragments (m/z 43, 58, 60 99) and fragments
of Triton X as benzene (m/z 50, 51, 52, 76, 77, 78) and octyl
chains (97, 112). According to the molecular ion fragment
trends as function of the temperature,”® the three pyrolysis
steps can be rationalized as follows: (i) removal of phys-
isorbed water and pentan-2,4-dione; (ii) loss of structural
water along with the thermal decomposition of Triton-X and
coordinated pentan-2,4-dionato species via retro-Claisen
reactions;>" (iii) elimination of residual Triton-X fragments
and of remaining carbon as carbon dioxide.

By contrast, the TG of the UV-treated films (Figure 4B)
showed a slight total mass loss of about 2.8% taking place
in three steps of 1.2% (from 50 to 140 °C), 0.8% (from 140
to 230 °C), and 0.8% (from 230 to 500 °C), which was on
the same order of magnitude as one of the as-synthesized
nanoparticles. Moreover, no fragments characteristic of the
pentan-2,-4-dione or Triton-X were detected by mass spec-
trometry. As a result, all these data show the almost complete
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UV-removal of the organic chelating agent and surfactant,
the only remaining carbon traces existing as carbonates at
the surface of the TiO, nanoparticles.

Electrochromic Properties of the UV-Processed TiO;
Films. Anatase TiO; is able to insert small ions in organic
medium such as lithium according to the following reaction®'

Ti**0, +xLi" +xe” —Li Til" Ti2"0, (1)

The 3d' (Ti*") energy levels resulting from the reduction
of some Ti*" into Ti*" as depicted in (1) give rise to
electronic transitions from the 3d' (Ti*") sub-band gap states
to the 3d%(Ti*") character conduction band which induces
the blue color of the titania layer. All of the experiments
were performed between —1.55 and 0.00 V vs Ag/AgCl in
order to achieve maximum coloration and at the same time
prevent any degradation due to irreversible insertion into the
ITO conductive substrate.

The coloration/decoloration of the UV-processed TiO,
films substrates was studied by monitoring the optical
absorbance in the course of the Li insertion/extraction by
UV—visible spectrophotometry in the wavelength range
350—1100 nm. The coloration efficiency is the most relevant
parameter describing the performances of electrochromic
devices. It is defined as the change in optical density per
unit of inserted charge per unit of area and has been
calculated according to the following equation

CE=(AOD)/AQ

where AOD is the difference of optical density between the
bleached and the colored states, and AQ (C cm™?) is the
injected electronic charge responsible for the optical change.

The electrochromic behavior of the nanoporous TiO, UV-
processed layers was first evidenced on FTO/glass transparent
conductive substrates. The 1.1 um-thick films effectively
inserted lithium ions in the LiITFSI/BMITFSI electrolyte as
they underwent 30 s—30 s chronoamperometric cycles. The
capacity slightly decreased from 18 to 16 mC cm™? after
2000 cycles (Figure 5A), which was confirmed by the cyclic
voltammograms recorded in LiTFSI/BMITFSI electrolyte
after 1000 and 2000 chronoamperometric cycles (Figure 5B).
The current remained close to zero up to a threshold voltage,
beyond which it increased rapidly. The reduction peak was
broad and exhibited a maximum centered at —1.45 V vs Ag/
AgCl. Upon reversal of the potential scan, the inserted
lithium ions were extracted and the corresponding oxidation
current wave was also broad and was centered at —1.0 V vs
Ag/AgCl. At the end of the back and forth scans, the film
was completely bleached, indicating the excellent revers-
ibility of the intercalation process. These UV-processed films
were therefore stable up to 2000 cycles. Nonetheless, the
insertion process was not finished after 30 s as indicated by
the nonzero reduction current (Figure 5A, inset). The
measurements were therefore reproduced by using longer 2
min - 1 min chronoamperometric cycles to achieve maximum
coloration.?® There is a 10% decrease in capacity over 300
cycles with a cyclic voltammogram similar to that of the
film that underwent 2000 cycles. The optical and coloration
efficiency spectra indicated that a good 1.1 optical change

(31) Wang, C. M.; Lin, S. Y. J. Solid-State Electrochem. 2006, 10, 255.
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Figure 5. Electrochromic response of a UV-processed, 1.1 um thick TiO,
film deposited on FTO glass.
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Figure 6. UV—visible spectra of a UV-processed 1.1 um thick TiO, film
deposited on FTO/glass (a) in the bleached state; (b) in the colored state;
(c) the corresponding coloration efficiency.

(AOD) was observed at 710 nm for a capacity of ~28 mC
cm 2, leading to a coloration efficiency of 40 cm? C™! at
710 nm and 18.4 cm® C™! at 550 nm (Figure 6).

The measurements were then extended to UV-processed
TiO, layers deposited on flexible substrates such as ITO/
PET. The cyclic voltammogram of such films showed a large
ohmic drop compared to FTO/glass supported systems
because the reduction step occurred below —1.55 V vs Ag/
AgCl (Figure 7B), and the oxidation one around —0.60 V
vs Ag/AgCl to be compared with —1.5 V vs Ag/AgCl and
—1.0 V vs Ag/AgCl found with rigid substrates. However,
upon cycling for 300 cycles between —1.55 and 0.00 V vs
Ag/AgCl, the capacity slightly decreased of 6%, from 17 to
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Figure 7. Electrochromic response of a UV-processed 1.1 um thick TiO,
film deposited on ITO/PET; (A) chronoamperometric cycles (30 s—30 s);
(B) Cyclic voltammograms (scan rate: 10 mV s~ ') after 300 cycles.
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Figure 8. UV—visible spectra of a UV-processed 1.1 um thick TiO; film
deposited on ITO/PET (a) in the bleached state; (b) in the colored state; (c)
the corresponding coloration efficiency.

16 mC cm ™2 (Figure 7A). Furthermore, the optical difference
between the bleached and the colored films (17 mC cm ™ 2)
was 0.65 at 710 nm, which corresponds to a coloration
efficiency of 38 cm? C~' (Figure 8).

To circumvent the limitation due to the rather high
resistance of the ITO/PET substrate, a gold layer was
sputtered on the top of such a surface to provide sheet
resistance as low as 15 Q/00. The cyclic voltammogram of
UV-processed TiO; films coated on the resulting conductive
substrate showed that the reduction peak was around —1.50
V vs Ag/AgCl and that the oxidation one was located around
—0.90 V vs Ag/AgCl indicating a decrease of the ohmic drop
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Table 1. Response Time for Coloration (7)) and Bleaching (T}),
Optical Modulations at 550 nm (AODss)) and 710 nm (AOD7j), and
Coloration Efficiencies at 550 nm (CEsso) and 710 nm (CE7y9)

CEsso CE71o
sample 7. (s) Ty (s) AODssp (cm?> C') AOD7; (cm? Ch)
TiO, film on 69 7 0.5 33%) 18 1.1 40
FTO glass
TiO; filmon 97 31 0.3 (26%) 18 0.7 38
ITO/PET

compared to the films on ITO/PET.?® However, after 300
cycles, some parts of the film became inactive and the
capacity decreased from 29 to 18 mC cm™ 2. This phenom-
enon can be rationalized by postulating a poorly controlled
gold/TiO, interface, since the film was damaged much more
than when it was coated over the ITO or FTO substrates.

Discussion

This study shows that a direct UV treatment in air of a
nanoparticulate TiO; film is sufficient to induce the intercon-
nection of the nanoparticles with the complete removal of
the organics used during the deposition process. The question
regarding the chemical process leading to the nanoparticle
interconnection and the film formation therefore arises. First
of all, the almost complete removal of the organics present
in the starting colloid can be related to the photocatalytic
activity of titania under UV irradiation.*> Furthermore,
several works have shown the UV irradiation of titania
induces highly hydrophilic surfaces.** Various mechanisms
have been proposed to explain this enhancement of hydro-
philicity including UV-induced defect production,** UV-
induced rupture of Ti—OH bonding®*® or photo-oxidation
of hydrophobic contaminant layers,* the main differences
between these studies lye in the experimental conditions used.
Even though the exact origin of such a behavior still remains
a topic of debate, the interparticle connection under UV
irradiation can be rationalized as follows. First of all, ozone
molecules, formed by UV irradiation in air, react with water
adsorbed on the TiO, surface or present in the air to yield
hydrogen peroxide. Decomposition of the latter in the
presence of water then provides —OH or —OOH radicals,
which can be trapped by Ti" sites to give surface hydroxyl
groups. Another possibility is the dissociation of water
molecules adsorbed on defect sites created by UV irradiation
to form singly or doubly coordinated surface hydroxyls. The
further condensation of these groups through oxolation
reactions then leads to the particle interconnection. One has
to emphasis that such a process has been previously

(32) Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W. Chem.
Rev. 1995, 95, 69.

(33) (a) Miyauchi, M.; Nakajima, A.; Fujishima, A.; Hashimoto, K.;
Watanabe, T. Chem. Mater. 2000, 12, 3. (b) Sakai, N.; Fujishima, A.;
Watanabe, T.; Hashimoto, K. J. Phys. Chem. B 2001, 105, 3023. (c)
Stevens, N.; Priest, C. I.; Sedev, R.; Ralston, J. Langmuir 2003, 19,
3272. (d) Gao, Y.; Masuda, Y.; Koumoto, K. Langmuir 2004, 20,
3188.

(34) Wang, R.; Hashimoto, K.; Fujishima, A.; Chikuni, M.; Kojima, E.;
Kitamura, A.; Shimohigoshi, M; Watanabe, T. Adv. Mater. 1998, 10,
135.

(35) Thompson, T. L.; Yates, J. T. Chem. Rev. 2006, 106, 4428.
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evidenced for silica.>® Thus, it has been shown that UV
irradiation of ordered nanocomposite silica thin films re-
moves the organic templating phase and condenses silica.
Furthermore, in this work, this route leads to conductive TiO,
layers made of a porous network of aggregated nanoparticles
with an average pore size of about 14 nm. According to the
IUPAC classification,?’ these films are clearly mesoporous,
the mesoporosity arising from the interparticle space.

The performances of these UV-processed films are gath-
ered in Table 1. The TiO, films coated over various substrates
showed good electrochromic responses with close behaviors
and coloration efficiencies. The nanoporous and nanopar-
ticulate UV-processed films are therefore good candidates
for electrochromic applications because of their large elec-
trochemically active surface area which enables fast response,
good reversibility, and a large insertion rate of lithium ions.*®

Nonetheless, the films on an ITO/PET substrate insert less
lithium over the same time (17 compared to 30 mC cm ™2 in
2 min), probably because of a slower insertion rate, the
reduction peak being shifted to more negative potentials on
ITO/PET because of the higher sheet resistance of the ITO/
PET (Rg = 70 Q) compared to that of FTO/glass (R = 10
Q). To circumvent this limitation, sputtering gold on the ITO
to increase the conductivity was performed. The films
effectively insert approximately the same amount of lithium
over 2 min, i.e., 31 versus 29 mC cm™ 2 for films on FTO/
glass and Au/ITO/PET, respectively. The issue regarding Au/
TiO; interface stability should be solved by sputtering another
layer of ITO on the top of the gold layer.

Regardless of the film studied, insertion and desinsertion
of Li* in the TiO, films do not show identical profiles. A
first explanation may be the fact that the insertion is governed
by the properties at the boundary between the electrolyte
and the titanium oxide film whereas desinsertion is only ruled
by ion transport in the film.*® Another reason results from
the fact that if the oxidation voltage is located far beyond
the oxidation peak potential of the film, in the reduction case,
to avoid the TCO degradation the applied voltage is very
close to the film reduction potential. Furthermore, the
integration shows a 10% decrease in the film capacity with
time, which could be due to a slight loss of mechanical
stability upon extended cycling in the liquid electrolyte. This
issue could be solved by making devices with a quasi-solid
electrolyte, for instance by blending the ionic liquid with
poly(methyl methacrylate).>**°

Finally, Table 2 gives an overview of the TiO, electro-
chromic systems described in the literature. All the films were
deposited on transparent conductive oxide/glass substrates.
These films were mainly made through high-temperature
techniques (one at 150 °C) and sintering temperatures as high
as 560 °C. Therefore, the UV-processed TiO; films described
here are the first room temperature ones exhibiting such high
coloration efficiencies. An additional crucial point concerns

(36) (a) Dattelbaum, A. M.; Amweg, M. L.; Ruiz, J. D.; Ecke, L. E.; Shreve,
A. P.; Parikh, A. N. J. Phys Chem. B 2005, 109, 14551. (b) Sanchez,
C.; Boissiere, C.; Grosso, D.; Laberty, C.; Nicole, L. Chem. Mater.
2008, 20, 682.

(37) Sing, K. S. W.; Everett, D. H.; Haul, R.A.W.; Moscou, L.; Pierotti,
R. A.; Rouquerol, J.; Siemieniewska, T Pure Appl. Chem. 1985, 57,
603.

Tebby et al.

Table 2. Comparison of the Electrochromic Performances of the
High Temperature Processed Films Described in the Literature with
those of the UV-processed Films Described in this Work (AOD,
Optical Modulation; CE, Coloration Efficiency)

film
thickness wavelength CE capacity
reference (um) (nm) AOD (AT) (cm?> C™Y) (mC cm ?)
41 0.4 630 (10.5%) 43 2.45
42 0.6 550 (32.4%) 6.1 6.5
550 (42%) 8.1 6.4
700 17 6.4
43 ¢ 550 (49.5%) 11.4 7.6
31 0.164 550 0.13 4.5 28.2
44 @ 630 20 6.7
38 0.135 633 <0.15 13 12.5
17 0.3 550 0.27 24.5 11
45 0.35 550 0.087(14.2%) 7.98 10.9
this work on 1.1 550 0.5(33%) 18 28
FTO glass 630 0.9(53%) 32 28
710 1.2(54%) 40 28
this work on 1.1 550 0.3(26%) 18 17
ITO/PET 630 0.5(41%) 32 17
710 0.7(50%) 38 17
“ Not precise.

the long-term cycling of these layers which even after 2000
cycles still exhibit high coloration efficiencies, such long-
term behavior being unknown in the literature. In addition,
these performances are reached in a nonconventional medium
based on ionic liquid, which is more viscous than the classical
electrolyte.

Conclusion

A low-temperature processing of TiO, films by UV
irradiation was successfully developed to yield nanoporous
and nanocrystalline anatase layers on various kinds of
substrates. These films show good electrochromic responses
and high coloration efficiencies in an ionic liquid, which is
a stable and environmental friendly solvent (nonflammable,
nonvolatile). The coloration efficiency reaches 38 cm? C™!
for films on ITO/plastic, for a 0.65 absorption change at 710
nm whereas the corresponding film on FTO/glass shows a
40 cm? C™! coloration efficiency for a 1.1 absorbance change
at 710 nm. The nanoparticulate structure and high specific
surface area (>90 m* g~ ') of these films provide a large
number of insertion sites, and the high surface-to-volume
ratio ensures minimal diffusion path lengths. Compared to
bulk materials, such a three-dimensional network of nano-
particles has a much larger tolerance for the mechanical stress
that occurs during the insertion—desinsertion processes.

This method should be easily extended to the preparation
of other electrochromic metal oxides as NiO or MnO,. Efforts

(38) van de Kron, R.; Goosens, A.; Schoonman, J. J. Phys. Chem. B 1999,
103, 7151.

(39) Campet, G.; Mingotaud, C., Poquet, A. International Patent, WO
052338, 2001.

(40) Duluard, S.; Grondin, J.; Bruneel, J-L.; Campet, G.; Delville, M-H.;
Lassegues, J-L. J. Raman Spectrosc. 2008, 39, 1189.

(41) Shinde, P. S.; Deshmukhb, H. P.; Mujawar, S. H.; Inamdar, A. L;
Patil, P. S. Electrochim. Acta 2007, 52, 3114.

(42) Verma, A.; Agnihotry, S. A. Electrochim. Acta 2007, 52, 2701.

(43) Verma, A.; Basu, A.; Bakhshi, A. K.; Agnihotry, S. A. Solid State
Tonics 2005, 176, 2285.

(44) Vuk, S.; Jese, R.; Gaberscek, M.; Orel, B.; Drazic, G. Sol. Energy
Mater. Sol. Cells 2006, 90, 452.

(45) Lin, S-Y.; Chen, Y-C.; Wang, C-M.; Liu, C-C. J. Solid-State
Electrochem. 2008, 12, 1481.
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are currently in progress in this direction along with the
decrease of the film thickness and the corresponding findings
will be presented very soon.
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