Aging effect of diethanolamine derived precursor sol on TiO, films
deposited at different annealing temperatures
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Abstract A diethanolamine stabilized precursor sol has
been utilized for studying the effect of sol aging and
annealing temperature on key properties of TiO, films.
X-ray diffraction investigations have shown increased
crystallite size in the films as a function of both sol aging
and the thermal treatment. Fourier transform infrared
studies have elucidated that cleavage of the bond involving
diethanolamine and the alkoxide in the films requires high
temperature annealing treatment upon the use of aged sol
for the deposition of the films. Multiple step chrono-
amperometry has shown the ion storage capacity of the
films increases as a function of sol aging, with the highest
extent of Li ion insertion being obtained for films produced
from as-prepared and aged sols and subsequently annealed
at, 300 and 350 °C, respectively. Films with excellent
optical quality were obtained. Ellipsometry revealed that
the refractive indices of the films vary from 1.67 to 2.02.
The highest thickness obtained in these films was nearly
900 nm. The bandgaps of the films for both direct and
indirect transitions decreased as a function of precursor
sol’s aging. In addition, although the indirect bandgap
values have shown a decrease with increasing annealing
temperature, the direct bandgap values reveal a slight
increase as a function of annealing temperature.
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1 Introduction

Titanium dioxide has many interesting physical properties,
which make it suitable for thin film applications. Because
of their good transmittance in the visible region, high
refractive index, and chemical stability, TiO, films have
found wide application for various optical coatings [1-4].
The high dielectric constant of TiO, (the largest H among
simple metal oxides) opens prospects for the use of TiO,
thin films in microelectronic devices, e.g. in capacitors or
as a gate dielectric in metal-dielectric semiconductor
devices [3, 6]. TiO, films have been suggested as photoa-
nodes in the process of photoelectrolysis of water in solar
energy conversion systems [7-9] and as electrochromic
materials for display devices [9, 10]. Other numerous
technological applications of TiO, coatings include its
prospective use as a material for smart windows [11],
antireflective coatings [12, 13], optical filters [14], in
catalysis and solar cells. From the viewpoint of air and
water purification, semiconductor photocatalyst TiO, has
recently received wide interest due to its powerful oxida-
tion strength, high photostability and low toxicity. The
advantages of titania photocatalysis, such as low opera-
tion temperature, low cost and low energy consumption,
have led the relevant applications to the stage of com-
mercialization. TiO, is a wide band gap semiconductor
(Eg ~ 3.03 eV and ~3.18 eV for the rutile and anatase
phases, respectively) and the limited overlap with the solar
spectrum (relatively low quantum yield) has limited its
applications. Numerous studies have been focused on
improving the photoresponse by dye sensitizing [15-20],
depositing noble metals, surface modification, and doping.
Dye-sensitized TiO, solar cells are a promising alternative
for the development of a new generation of photovoltaic
devices. TiO, films can be obtained by a large variety of



methods: thermal [21] or anodic [15] oxidation of titanium,
electron beam evaporation [22], ion sputtering [23],
chemical vapor deposition [7, 24], including plasma-
enhanced chemical vapor deposition [25], and the sol-gel
method [26-34].

Since the pioneering study in 1972 [35], titanium
dioxide has been recognized as one of the most important
electrode materials for semiconductor electrochemistry
[36]. At normal pressure and temperature, three different
TiO, crystalline structures are stable: rutile, anatase, and
brookite. Li-doped TiO, (anatase) electrodes have dem-
onstrated useful properties in photoelectrochemical solar
cells and Li ion batteries [37, 38]. Regardless of the crystal
structure, the Ti*" ions are surrounded by six O, creating
the basic TiOg¢ octahedral building block. Electrochromism
in TiO, electrodes shows dependence on the crystalline
structure with the anatase phase demonstrating this phe-
nomenon. Although anatase films prepared by conventional
methods are unable to intercalate Li ions to any significant
extent, the nanoporous morphology of nanostructured films
greatly facilitates reversible Li ion intercalation. Therefore,
nanocrystalline coatings, due to their unique morphology
and surface structure, are promising for Li ion intercala-
tion. In a study comparing ion beam sputtered TiO, films
with spin coated films deposited using titanium isoprop-
oxide in ethanolic medium containing acetic acid, Ozer
et al. [27] have reported higher optical quality in the latter
films.

TiO, films have been previously prepared using dif-
ferent stabilizers such as acetic acid [26, 27, 39, 40],
diethanolamine [31], hydrochloric acid [30], hydrogen
peroxide solution [32] and acetylacetone [41] by various
research groups. Ethanolamines [42-46] can yield very
stable solutions for the oxides by controlling the rate of
hydrolysis of the metal alkoxides. Diethanolamine and
related chemicals are used as inhibitors for the precipi-
tation of oxides on the hydrolysis of the alkoxides. The
present study reports on the preparation of TiO, films by
sol—gel spin coating, using precursor solutions employing
diethanolamine as the stabilizing agent to prevent pre-
cipitation of titanium isopropoxide by ethanol. The main
motivation of this work is to study the effect of sols aging
and annealing temperature on the structural, optical,
morphological and electrochemical characteristics of TiO,
films. This study has provided information on the fact that
in comparison to the aged sol, the as-prepared sol pro-
duces amorphous films even at relatively high annealing
temperatures. In addition, the removal of additive and
other remnant organic groups from the aged sol derived
films requires higher annealing temperatures. This expla-
nation is evidenced by the faint brown coloration
observed in the aged sol derived films annealed at 200 and
300 °C.

2 Experimental
2.1 Preparation of sol

Titanium isopropoxide (TIP, Aldrich), anhydrous dietha-
nolamine (DEAH;, Loba Chemie) and anhydrous ethanol
(C,H50H, Merck) were used as the starting materials. The
relative volume ratio of each chemical in the sol was TIP:
DEAH;: C,H5sOH = 3:1:20. Mixing of the chemicals was
carried out under ambient conditions. During the experi-
mental process, the room temperature was (20 + 5) °C and
the humidity remained at (60 + 10)%. Addition of TIP in
ethanol prior to the introduction of diethanolamine induces
immediate precipitation due to highly reactive alkoxide (TIP
in the present study), therefore diethanolamine (1 mL),
which was added as a stabilizing agent for hydrolysis was
initially stirred with 10 mL of ethanol followed by the
addition of TIP (3 mL). After magnetically stirring the solu-
tion for 15 min, the remaining ethanol (10 mL) w as added
and the stirring w as continued for 45 min at room temper-
ature. The sol was stable for a period of 3 weeks before it
transformed into a gel. It has been observed that stirring the
sol for a lesser duration significantly enhances the stability
of the sol. In addition, the ambient humidity also greatly
influences the gelation period of the sol. In low humidity
conditions, the stability of the sol is significantly enhanced.

2.2 Preparation of TiO, thin films

Transparent fluorine doped tin oxide (SnO,:F) coated glass
substrates and micro slide glass were spin coated by the
precursor sols at 3,000 rpm for 35 s. The films were annealed
at 200, 300, 350 and 450 °C for 5 min and are uniform,
transparent, and highly adherent to the substrates. The effect
of sol aging on selected properties of the films was investi-
gated. Sols both freshly prepared (as-prepared) and aged to
the extent of just reaching the state of gelation have been used
for the deposition of films. The aging time used to prepare the
aged sol was 15 days. In principle, the presence of dietha-
nolamine in the solution has led to a homogeneous solution
without any precipitates. Under such conditions, the sol is
stable for up to 3 weeks. Therefore, addition of diethanola-
mine is essential in order to retain highly transparent and
reproducible coating solutions under the conditions employed
in this study. In the absence of diethanolamine, the addition
of ethanol to TIP induced rapid precipitation of TiO,, and
consequently the corresponding films were poorly adherent
to the substrate and opaque. Thus, the films obtained without
the stabilizer are not suitable as optical coatings and for
electrochromic applications. This observation reflects the
importance of the stabilizing agent in ensuring process
reproducibility and in improving the adherence, transpar-
ency, and the quality of the films. In addition, the higher



viscosity of the aged sol due to increased degree of hydro-
lysis and condensation has produced thicker films.

2.3 Characterization of films

X-ray diffraction (XRD) patterns of the films have been
recorded in the 26 range from 8° to 70° with a D8 Advanced
Bruker Diffractometer. Fourier Transform Infrared (FTIR)
spectra of the films in the transmission mode have been
recorded in the wavenumber range from 400 to 4,000 cm ™!
on a Perkin-Elmer Model BX2 Spectrophotometer. The
surface morphology of the films was observed using scan-
ning electron microscopy (SEM) on a JEOL JSM 840
scanning electron microscope. The refractive indices,
extinction coefficients, and thickness of the films have been
determined using a Rudolph research null type manual
ellipsometer at 4 = 546.1 nm. The thicknesses of the films
have also been measured directly with a stylus-based Taly-
step (Taylor Hobson) instrument. Transmission and reflec-
tion spectra of the films in the range 300-2,000 nm were
recorded using a UV 3101 PC Shimadzu Spectrophotometer.
Cyclic voltammetry (CV) studies have been performed on a
computer controlled OMNI potentiostat. All measurements
were performed in an electrolyte of 1 M LiClO4/propylene
carbonate in a three electrode arrangement comprising TiO,
film as the working electrode, a platinum counter electrode
and Ag/AgCl/KCl reference electrode. The CV experiments
were conducted at a scan rate of 20 mV s~ ' and the potential
was swept between cathodic (—1.5 V) and anodic (4+1.5 V)
versus Ag/AgCl/KCI. Electrochemical measurements on the
TiO, electrodes versus platinum in the liquid electrolyte
have been carried out on a computer controlled setup con-
sisting of a He—Ne laser source (4 = 632.8 nm), a Si pho-
todetector together with a versatile micro-controller based
electrochromic device (ECD) characterization unit. Multiple
step potential cycling was performed by applying square
wave potential of amplitudes +2.0 and +3.5 V at a fre-
quency of 0.0011 Hz. Transmission profiles in the colored
and bleached states have been obtained in situ in a two-
electrode electrochemical cell (built with two flat fused
quartz windows) comprising TiO, films and platinum
counter electrode with application of a constant current
density of 1 mA cm™? for 3 min.

3 Results and discussion
3.1 Structural analysis

3.1.1 X-ray diffraction

X-ray diffraction (XRD) patterns of the films are illustrated
in Fig. 1. It is confirmed from the results that the
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Fig. 1 X-ray diffraction patterns of TiO, films deposited from the
aged sol and heated at different temperatures. (a) 450 °C, (b) 350 °C,
(c) 300 °C, and (d) 200 °C

crystallinity in the films is improved by depositing the films
from relatively aged sols and in order to attain crystallinity
in the film obtained from the as-prepared sol, higher
annealing temperatures are required. The films prepared
from the as-prepared sol are amorphous at all annealing
temperatures. Significantly, the films deposited using aged
sols exhibit the presence of a crystalline phase at and above
350 °C. The crystalline phase observed in these films is
identified as the tetragonal anatase phase oriented along the
(101) plane [28]. The nano-scaled crystallite sizes mea-
sured by the Debye Scherer formula are listed in Table 1.
Wang et al. [32], in their spin coated TiO, films deposited
using a poly-peroxotitanic acid, obtained amorphous
coatings at 250 °C and crystalline coatings at 350 °C and
above. The authors’ data also revealed an increase in grain
size with increasing annealing temperature. In our case, the
threshold temperature for the appearance of crystallinity in
the films is also observed at 350 °C. Vorotilov et al. [28] in
their XRD investigations studied the evolution of crystal-
linity in the films deposited from an acidic solution of
titanium alkoxide in alcohol and showed the presence of
diffraction peaks assigned to the anatase phase at 400 and
600 °C. The coexistence of rutile and anatase phases,
however, has been reported by these authors at 800 °C.
In the present work, the presence of rutile could not be
detected in the films because the highest annealing tem-
perature employed in the work was 450 °C. Ozer et al.



Table 1 Crystallite size, ion storage capacity (ISC) and diffusion coefficient (D) of the TiO, films deposited at different annealing temperatures

from the as-prepared (1) and aged sol (2)

Annealing Crystallite size Crystallite size ISC (mC cm™?) ISC (mC cm™?) D x 1071 D x 1071
temperature (°C) (nm) (1) (nm) (2) 1) ) (em? s7hH (1) (em®s™hH (2)
200 - - 9.6 18.6 0.05 0.39

300 - - 20.1 21.3 2.19 2.49

350 - 11.0 15.1 28.2 0.37 2.49

450 - 16.5 15.5 21.6 2.29 23.27

[26, 47] employed the spin coating technique and prepared
amorphous gel coatings below 400 °C and crystalline films
above 400 °C. TiO, films obtained using acetic acid sta-
bilizer at 70 °C by Ozer et al. [26] were amorphous and
free from pinholes or microcracks. In addition, TiO, films
annealed at 450 °C deposited using acetic acid stabilizer by
Ozer [39] were also crystalline. TiO, films annealed at
480 °C (film thickness: 230 nm) deposited using dietha-
nolamine stabilizer by Dinh et al. [31] were crystalline with
an average grain size of 38 nm. In the case of TiO, films
deposited using hydrochloric acid, the threshold tempera-
ture for the onset of crystallization in the films was
observed at 350 °C by Hu et al. [30]. TiO, films prepared
by Buscema et al. [41] using acetylacetone stabilizer were
crystalline at and above 400 °C.

3.1.2 Fourier transform infrared (FTIR) spectroscopy

FTIR studies have shown that major structural changes
take place in the films as a result of sol aging. For
example, in the films deposited from the as-prepared sol,
the removal of diethanolamine and other remnant organic
groups is easier due to the lesser degree of complexation
between diethanolamine and Ti*' metal ion (diethanola-
mine interacts with titanium alkoxide as a tridentate
ligand [42, 48]). The possible reaction between dietha-
nolamine and Ti isopropoxide can be represented as
shown below:

Ti(OPr')4 + DEAH; — Ti(DEA) (Pr'O) + 3(Pr'OH).
()

Due to the greater degree of hydrolysis and condensation
during sol aging, the increased formation of organic
byproducts leads to the requirement of higher annealing
temperature for their elimination. The aforesaid discussion
is quantified by the band positions observed in the different
films. In comparison to the as-deposited (unannealed) film,
which exhibits bands assigned respectively to v(O-H), 6(O—
H), C-H deformation, v(C-0), v(Ti—O) [49] and v(Ti-O-
Ti) [50] modes at 3,490, 1,658, 1,434, 1,082, 798 and
530 cm™! the 200, 300, 350 and 450 °C annealed films

deposited from the as-prepared sol exhibit only vibrational
bands assigned to v(Ti—-O), v(Ti—-O-Ti) and v(O-H) modes
near 550, 798 and 3,500 cm™', respectively. The only
difference between the abovementioned annealed films is
the slight variations in the relative intensities of the v(Ti—-O)
and v(Ti—O-Ti) bands. In contrast, major structural changes
are observed in the films deposited using the aged precursor
sol. Indeed, diethanolamine is only completely decomposed
in these films upon treating the films thermally at 450 °C,
and bands signifying the presence of diethanolamine are
still clearly evident in the films annealed at 200, 300 and
350 °C. For instance, in the film deposited from the aged sol
and subsequently annealed at 200 °C, the bands ascribed to
v(C-0) (diethanolamine) and 6(C—H) modes (isopropoxy)
at 1,102 cm™! [51] and 1,444 cm™! [52], respectively, are
highly intense (Fig. 2). In the films annealed at 300 and
350 °C, these bands exhibit weak intensity and they are
no longer evident in films treated at 450 °C. It is thus
clearly exemplified by FTIR that a higher processing
temperature is required in the case of the films deposited
from the aged sol to ensure complete removal of the organic
byproducts.

3.2 Morphological properties

Figures 3 and 4 show the SEM micrographs of the different
films. It is evident from the micrographs that the films
produced from the aged sol have reduced porosity, which is
attributed to an increased crystallite size which promotes
densification in the films. The SEM micrographs also
reveal that the granular nature of the films becomes well
defined upon increasing the annealing temperature. The
largest particle sizes observed for the films deposited from
the as-prepared and the aged sols are 250 and 330 nm,
respectively. The pore size was observed to lie in the 100—
166 nm range (Table 2). In the present work, the effect of
annealing temperature on porosity in the films was less
pronounced than the influence of sol aging. This is further
demonstrated by the refractive indices measurements car-
ried out using ellipsometry (see below). In addition, it was
observed that porosity variations in the films have
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Fig. 2 FT-IR transmission spectra of TiO, films deposited from the
aged sol and annealed at different temperatures. (a) 450 °C, (b)
350 °C, (c¢) 300 °C, and (d) 200 °C

influenced their electrochemical activities (as also dis-
cussed below).

3.3 Optical properties

Reflection spectra (300-2,000 nm) of the various films are
presented in Fig. 5. The corresponding transmission char-
acteristics of the films deposited using the as-prepared sol
are superior to that deposited from the aged sol. This is due
to the greater thickness of the latter films (which is a
consequence of the greater degree of hydrolysis/conden-
sation and associated higher viscosity of the aged sol). As

expected, increasing annealing temperature led to a corre-
sponding decrease in the thickness of the films, which
varied from 200 to 900 nm depending on the aging of the
sol and the annealing temperature. In addition, the differ-
ences in the reflectivity characteristics of the samples are a
consequence of their varying refractive indices. Also, in
general, the decrease in transmission of the films in the
solar spectral range is accompanied by a corresponding
increase in their reflection characteristics, indicating that
the films are weakly absorbing. Overall, the films exhibit
high optical quality due their excellent transmittance, uni-
form texture, and low extinction coefficient values. High
transmittance in the films is a prerequisite for their appli-
cation in transmissive electrochromic devices. Anatase is
known to possess a refractive index of 2.52 [53]. Using
Ti(OC,Hs5)4, C,HsOH, H,0 and HCI to produce anatase
films, Vorotilov et al. [28] have observed refractive indices
in the range of 1.7-2.3 for processing temperatures
between 200 and 900 °C (1.9 and 2.05 at 400 and 500 °C,
respectively). In addition, these authors have also reported
an increase in refractive index with increasing crystallite
size. Ozer [39] reported respective refractive indices of
1.84 and 2.41 for amorphous and crystalline TiO, films
produced from an acetic-acid-stabilized sol. In the present
study, the index of refraction varies within the relatively
narrow range from 1.83 to 1.89 for films deposited from the
as-prepared sol and annealed at different temperatures. In
contrast, films prepared from aged sols exhibited signifi-
cant variations in refractive index (from 1.67 to 2.02) with
increasing calcination temperature, consistent with the
significant variations in structure and composition occur-
ring in this latter system during heating at 350 and 450 °C
(see above). The calculated values of refractive index (n) at
the wavelength corresponding to transmittance maxima
and minima have been fitted with a Levenberg—Marquardt
regression algorithm to the following dispersion relation:

n(i) =A+ B/A2 + C/}f‘, (with Ain pm) giving

A =2.109
B=-1504x 1072
C=671x1073

The film thickness, refractive index, and extinction
coefficient values of the films are summarised in Table 2.
From Table 2 it is evident that the variations in refractive
index and extinction coefficient values are not systematic,
presumably due to the fact that the major structural changes
are occurring in the aged-sol-derived films at different
annealing temperatures. Amongst the aged-sol-derived
films, the lowest refractive index was observed for the film
heated at 350 °C (1.67), while the film heated at 450 °C
exhibited the highest value (2.02). These large variations in
refractive indices are attributed to variations in sample
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Fig. 3 SEM micrographs of TiO, films deposited from the as-prepared sol and annealed at different temperatures. a 450 °C, b 350 °C, ¢ 300 °C,
and d 200 °C
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Fig. 4 SEM micrographs of TiO, films deposited from the aged sol and annealed at different temperatures. a 450 °C, b 350 °C, ¢ 300 °C, and
d 200 °C



Table 2 Film thickness (d), refractive index (n), extinction coefficient (k) and pore size of the TiO, films deposited at different annealing
temperatures from the as-prepared (1) and aged sol (2)

Annealing temperature (°C) d (nm) (1) d (nm) (2) n (1) n (2) k (1) k (2) Pore size (nm) (1) Pore size (nm) (2)
200 600 700 1.875 1.800  0.290  0.060 150 105
300 500 900 1.835 1910  0.190  0.024 166 120
350 300 900 1.850 1.675 0.200  0.460 125 140
450 200 250 1.890  2.020 0.160  0.080 100 110
30 Egs. 1 and 2, by extrapolating the linear part of a curve of

Reflection (%)
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Fig. 5 Reflection spectra of TiO, films deposited from the
as-prepared and aged sols and annealed at different temperatures
(as-prepared) 200 °C (...), (as-prepared) 300 °C (—), (as-prepared)
350 °C (- - -), (as-prepared) 450 °C (- - -), (aged) 200 °C (—-) and
(aged) 450 °C (- - - -)

stoichiometry and the volume fraction of pores in the two
samples. Furthermore, the relatively high extinction coef-
ficient (0.46) of the 350 °C annealed film reveals its highly
absorbing nature. In contrast, the significantly lower
extinction coefficient value (0.08) of the 450 °C annealed
film suggests that it would be more suitable as an optical
coating.

3.3.1 Energy bandgaps of TiO, films

For a transparent thin film, the absorption coefficient per
unit length (D) is determined from its transmittance (T), i.e.

o=1In(1/T)/d (2)
where d is the film thickness. If the film is semiconducting,

a relationship exists between « and the energy bandgaps
(E,) for direct and indirect transitions [54, 55]. It follows

AJd=a= (hv—E,)’ (3)

where A is the absorption coefficient, y = 1/2 or 2 for
direct and indirect transitions, respectively. According to

A” versus photon energy to the abscissa, the energy band-
gaps for indirect and direct transition can be derived. The
effect of annealing temperature and sol aging on the direct
and indirect bandgaps of the films is shown in Figs. 6 and
7, respectively. These data reveal that the bandgaps for
both direct and indirect transitions decrease with increasing
aging of the sol. Quantitatively, the direct and indirect
bandgaps for the films deposited from as-prepared/aged
sols are 4.05/3.80 and 3.47/3.35, respectively. These values
are comparable to the literature data of 3.65 and 3.08 eV,
respectively, for an anatase film heated at 400 °C [55]. The
red shift of the bandgap with aging of the precursor sol is
attributed to the associated increase in grain size. The film
deposited from the as-prepared sol contains randomly-
oriented smaller grains. The higher concentration of grain
boundaries in such a film leads to a broadening of the
absorption band edge and consequently shifts the bandgap
towards higher energies. The effect of processing temper-
ature on the direct and indirect bandgaps has also been
studied for the films. From Figs. 6 and 7, it is evident that
the bandgap for indirect transitions decreases with
increasing temperature. In particular, the film heated at
200 °C exhibited an indirect bandgap of 3.75 eV, while
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Fig. 6 Direct bandgap evaluation from linear dependence of (othv)?
versus photon energy for the TiO, films. (as-prepared sol) 200 °C
(filled triangle), (as-prepared sol) 450 °C (filled diamond) and (aged
sol) 450 °C (filled square)
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Fig. 7 Indirect bandgap evaluation from linear dependence of («hv)"/?

versus photon energy for the TiO, films. (as-prepared sol) 200 °C (—),
(as-prepared sol) 450 °C (filled diamond) and (aged sol) 450 °C (filled
square)

heat-treatment at 450 °C yielded films with an indirect
bandgap of 3.50 eV. In contrast, the direct bandgap
exhibits a slight increase with increasing temperature, with
heating at 200 and 450 °C yielding direct bandgaps of 3.90
and 3.95 eV, respectively. The films prepared at lower
temperatures exhibit a wide bandgap or show a blue shift of
the optical bandgap as a consequence of exciton confine-
ment due to decreased grain size. Furthermore, the optical
bandgap of the films in the present work was found to be
independent of the film thickness.

3.4 Electrochemical investigations

To determine the capacity of the films to reversibly inter-
calate and deintercalate Li ions, cyclic voltammetry has
been employed. Figs. 8 and 9 show the cyclic voltammo-
grams (CVs) of the films within a + 1.5 V potential range
at a scan rate of 20 mV s~ '. These data clearly demonstrate
that the films produced from the aged sol exhibit superior
electrochemical activity. In particular, the diffusion coeffi-
cients for the films measured using the cathodic peak cur-
rent densities from the Randles—Sevcik equation (below),
which are summarized in Table 1, are up to 10 times higher
in the coatings produced from the aged sols.

Ip = 0.4463 nF(nF/RT)'/2CD'/2v/2 (4)

Here, Ip = peak current density (A cm™2), n = number
of electrons involved in the redox reaction, F = Faraday
constant, R = gas constant, T = temperature, C = con-
centration of Li* in the liquid electrolyte (mol cm ), v =
scan rate (V s_l), D = diffusion coefficient (cm2 s_l).

From the shapes of the CVs, it is also evident that
significant variations have occurred in the cathodic and
anodic sweeps with variations in sol aging and heating
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Fig. 8 Cyclic voltammograms of TiO, films deposited from the as-
prepared sol and annealed at different temperatures. a 450 °C, b
350 °C, ¢ 300 °C, and d 200 °C at a scan rate of 20 mV s~!

temperature of the films. Electrochemical reactions involve
the transfer of ions within the film and they depend upon
the number of active insertion sites available. These events
are related to the film thickness. A thicker film contains a
larger number of active insertion sites and as the aged sol
film is thicker, the diffusion of Li ions would be expected
to be more facile. Consistent with this interpretation, the
diffusion coefficients for the films produced from the aged
sols are higher at all annealing temperatures (Table 1). In
addition, it is typically observed that an increase in the
crystallinity of such films enhances their electrochemical
response. The ion-storage capacity (ISC), defined as the
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Fig. 9 Cyclic voltammograms of TiO, films deposited from the aged
sol and annealed at different temperatures. a 450 °C, b 350 °C,
¢ 300 °C, and d 200 °C at a scan rate of 20 mV s~

quantity of Li* inserted per unit area of active TiO, elec-
trode (Table 1), was investigated using a two-electrode
electrochemical cell which incorporated the TiO, films as
one electrode, a Pt counter electrode and a 1 M LiClO,/
propylene carbonate electrolyte with application of
+2.0 V. The ISC of the films increased with the aging of
the sol, consistent with superior electrochemical activity
compared to those produced from the as-prepared (fresh)
sol. The highest ISC values were obtained for films
from the as-prepared and aged sols following firing at
300 (20.1 mC em™2) and 350 °C  (28.2 mC cm ™),

respectively. The electrochemical characteristics of the
films are well correlated with their porosity (and refractive
indices), with these two films exhibiting the lowest
refractive indices (1.83 and 1.67, respectively) and highest
porosity. This establishes the importance of porosity in
modulating the electrochemical activity of the films and
demonstrates that an optimum heating program is neces-
sary to enhance their electrochemical response. It is evident
from the above discussion that the ion storage capacity
depends upon a number of parameters, including: (1) the
number of active insertion sites available for the electro-
chromic reactions; (2) the film thickness, since the elec-
trochromic reaction is not a surface reaction but involves
the transfer of ions within the bulk of the film; (3) porosity;
and (4) crystallite size. Amorphous mesoporous films
exhibited higher ion storage capacities, and since a thicker
film was obtained from the aged sol (which contains a
larger number of active insertion sites), its capacity to
intercalate Li" ions is greater. The electrochromic char-
acteristics of these films have also been examined. Con-
sistent with the observation that a larger extent of Li* ion
insertion results in greater coloration efficiency in the films,
a higher electrochromic response was evident in the films
having the highest ion storage capacities.

4 Conclusions

TiO, films with high optical quality have been deposited
using a transparent diethanolamine derived precursor sol.
The effect of annealing temperature and aging of the sol on
key properties of the films has been investigated. XRD has
revealed an increase in the degree of crystallinity in the
films as a function of precursor sol aging and thermal
treatment temperature. FTIR investigations have revealed
that higher processing temperatures are required for the
films deposited from the aged sol to ensure complete
decomposition of the diethanolamine and other organic
species. The bandgaps of the films for both direct and
indirect transitions decreased with increasing aging of the
sol. Higher porosities, an increase in the number of active
insertion sites and increasing thickness resulted in
enhanced electrochemical activity. The electrochemical
response of the films was found to be modulated by both
the aging of the precursor sol and the annealing tempera-
ture, with aging and an optimized heating temperature
leading to significantly improved electrochemical perfor-
mance. This study has shown that the films derived from
the aged sol always exhibit good response, although
treatment of the films at an optimum temperature is also an
important prerequisite for obtaining films suitable for
electrochromic applications.
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