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Abstract

Transparent thin films of nanocrystalline anatase were obtained by dip-coating process using an ethanolic suspension of redispersed nanopar-
ticles. This suspension was prepared by sol–gel route and their redispersability achieved by surface grafting ofpara-toluene–sulfonic acid and
acetylacetone. The effects of the acetylacetone content on the powder redispersibility and on the structural evolution of films were determined
by small angle X-ray scattering, X-ray reflectometry and X-ray diffraction for different firing temperatures. The results demonstrated that
the porous structure of the studied films consist of agglomerates of primary particles with two levels of porosity. The control of the amount
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f capping ligand allows for a fine-tuning of the average pore size of the dried films. Upon increasing the firing temperature upC,
rogressive increase in apparent density, average pore size of films and average crystallite size of powders were observed.
2005 Elsevier Ltd. All rights reserved.

eywords:Films; Sol–gel processing; Sintering; Porosity; TiO2

. Introduction

Nanocrystalline titania-based films have attracted great
cientific and technological interest because of their in-
eresting electrical, optical and catalytic properties, and
ecause of several potential applications as a basic material

or varistors,1 capacitors,1 gas and humidity sensors,2

nd photovoltaic devices.3 The surface properties are of
aramount importance for nanosized grained materials, for
hich the surface to volume ratio is much greater than in
ulk solids, making the former particularly appealing for the
evelopment of gas sensors and photovoltaic applications.2,3

any chemical methods have been considered so far as
andidates for preparation of uniform amorphous TiO2 films,
eing the sol–gel route the most practical for controlling the

eatures of the nanoscopic structure.2–7 The most frequently
sed precursors for titania films through sol–gel processing
re sols obtained by hydrolysing acetic acid or acetilacetone
omplexed titanium alkoxides.6,7 However, even if the

∗ Corresponding author. Tel.: +55 16 33016645; fax: +55 16 33227932.

resulting nanoparticles are monodispersed in size,
tend to aggregate so as minimizing the surface free en
Because of surface reactivity, the particle-to-particle inte
tion is strong and thus agglomeration becomes irrevers
especially after drying. Furthermore, the condensatio
the surface hydroxyl groups pulls together the constit
particles of the sol into a compact mass and, thus, the
particles grow up to a size much larger than that of the in
one.7

The improvement of the kinetic stability of sols and
development of redispersible nanoparticles is of param
importance for the industrial use of the sol–gel process i
fabrication of ceramic films with fine-scaled microstructu
The most frequently used approach to prevent the agg
eration and growth of nanoparticles is the substitution o
surface hydroxyl groups by another functional group,
organic complexing molecules, that do not condense a
does and that could eventually provide the redispersib
of the powdered xerogel.6,7 Nevertheless, subsequ
heat treatments—that should be carried out in orde
remove the organic groups—may strongly affect the reg
E-mail address:santilli@iq.unesp.br (C.V. Santilli). nanostructure of the freshly derived film.
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In this paper, the influence of both the firing temperature
and the amount of complexing ligand on the nanostructural
features of anatase transparent thin films was investigated.
The films were deposited by dip-coating using an ethanolic
suspension of redispersed nanoparticles prepared by sol–gel
route, whose redispersibility was achieved by controlled
modification of the surface with acetylacetone (Acac) and
para-toluene–sulfonic acid (PTSH).6

2. Experimental

The preparation of redispersible anatase nanoparticles
was based on the sol–gel route proposed by Scolan and
Sanchez.6 To a solution of acetylacetone (the acetylace-
tonate ligand bonded to titanium will be noted as Acac)
in isopropanol, titanium tetraisopropoxide (Ti(OPropi)4)
was added slowly and the mixture was stirred at room
temperature for 15 min. Hydrolysis of the clear mixture was
performed by drop-wise addition of PTSH aqueous solution.
The acidified solution (pH 2.3) was refluxed for 18 h at
60◦C under magnetic stirring. The flask was fitted with a
condenser and a CaCl2 trap to avoid moisture exposure. The
nominal complexing ratio, defined as C = [Acac]/[Ti] was
varied between 0 and 4. The hydrolysis ratio, H = [H2O]/[Ti],
and the acidity ratio, A = [PTSH]/[Ti] were fixed at 4 and
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The SAXS study of redispersed sols and of coated films
was performed using the synchrotron SAXS beam line of
LNLS (Campinas, Brazil). This beam line is equipped with an
asymmetrically cut and bent silicon (1 1 1) monochromator
that yields a monochromatic (λ = 1.608Å) and horizontally
focused beam. An ionisation chamber, placed downstream
from the sample was used to monitor the intensity of the
incident beam and to determine the sample transmission. A
vertical position-sensitive X-Ray detector located at 776 mm
from the sample and a multichannel analyser were used
to record the scattering intensity,I(q), as a function of the
modulus of scattering vectorq= (4π/λ) sin(ε/2), ε being the
scattering angle. The parasitic scattering intensity produced
by the solvent, substrate and air was subtracted from the total
scattering intensity. The resulting curves were normalized to
account for the effects related to natural decay in the intensity
of the synchrotron source, detector sensitivity and sample
transmission.

3. Results and discussion

Fig. 1 shows the relative mass loss (TG) and differential
thermal analysis (DTA) curves corresponding to the dried
powders prepared with different complexing ratio. The en-
dothermic mass loss (4–6 wt.%) observed for temperatures
l ics
d eak
e anic
s t
m corre-
s n 310
a ases
f m
0 ing
s e, as
i ium
a rm of
A
o

ith
d ent
t ac is
a rns of
p road
( Heat
t s in
X up to
4 ses,
w f the
c s was
c eak
u road-
e es of
t orted
i

.2, respectively. The redispersible powders were obta
fter solvent evaporation at 100◦C for 24 h.

Transparent thin films of nanocrystalline anatase w
eposited on clean Corning boron–silicate glass subs
y dip-coating process using an ethanolic suspen
ontaining 4 wt.% of redispersed nanoparticles. Every d
ition involved 1 dip at a withdrawal speed of 8 cm/min.
he films studied by small-angle X-ray scattering (SAX
0 successive layers were deposited on 0.05 mm thick
heets to obtain thick enough samples (≈100 nm). After eac
ipping, the samples were dried at 100◦C and then subjecte

o slow heating at a rate of 5◦C/min to a desired temperatu
rom 300 to 500◦C and then held at that for 1 h. This heat
rotocol was applied also to the thermal treatment of d
owders.

Simultaneous thermogravimetric (TG) and differen
hermoanalysis (DTA) of dried powders were perform
rom room temperature up to 800◦C under oxygen flux, b
sing a SDT2960 (TA Instruments) apparatus at a he
ate of 10◦C/min. The crystalline phases present in dried
red powders were analyzed by X-ray powder diffrac
XRPD) with a Siemens D5000 diffractometer (Cu K� radi-
tion,λ = 1.541Å) with a curved graphite monochromat
nd a fix divergence slit of 1/8◦ in a Bragg–Brentano co
guration. Intensity data were collected by the step coun
ethod (step 0.02◦ and time 3 s) in a 2θ range between 1
nd 80◦. This equipment was also used to measure the X
eflectivity (XRR) of the films, which yields their thickne
nd apparent density. The accuracy for density and thick
eterminations is about 7% and 0.5 nm, respectively.
ower than 110◦C can be attributed to water and organ
esorption. A release (8–10 wt.%) and combustion (w
xothermic peak) of weakly bonded or adsorbed org
pecies is verified between 180 and 220◦C. A significan
ass loss accompanied by an intense exothermic peak

ponding to the removal of organics is apparent betwee
nd 460◦C. The mass loss involved in this process incre

rom 24 to 52 wt.% by the increase of [Acac]/[Ti] ratio fro
to 4. The oxidation of the organics content of complex

pecies usually takes place within this temperature rang
ndicated by the strong complexing linkage between titan
toms and organics. The presence of the complexed fo
cac and PTSH was confirmed by13C and1H NMR spectra
f dried powders.

Fig. 2 compares the XRPD patterns of powders w
ifferent complexing ligand ratios treated at differ

emperatures. The dried powder prepared without Ac
morphous and cannot be redispersed, while the patte
owders containing Acac complexing ligand present a b
1 0 1) peak, characteristic of nanocrystalline anatase.
reatments up to 300◦C do not lead to remarkable change
RPD patterns. When the firing temperature increases
00◦C, the maximum intensity of the Bragg peaks increa
hile their width decreases, thus evidencing the growth o
rystallites. The average size of the anatase crystallite
alculated from the measured width of the [1 0 1] Bragg p
sing the Scherrer relation and assuming that the peak b
ning is essentially due to size effects. The average siz

he anatase crystallites, within accuracy of 15%, are rep
n Table 1.
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Fig. 1. Thermogravimetric and DTA curves of powders prepared with different complexing ratio C = [Acac]/[Ti]. The inset shows a magnification of DTA
curves for temperatures lower than 400◦C.

The experimental XRR curves were collected for all the
studied films fired at different temperatures, but, for clarity,
only the curves corresponding to those prepared withC= 0.5,
2 and 4 are displayed inFig. 3. An increase in the critical
angle for total reflection is observed for increasing temper-
atures in all cases, demonstrating that the higher the firing
temperature the denser the films. This densification favours
the films shrinkage and, consequently, the thickness reduc-
tion, as shown by the decrease in the period of the interference

F ratio
C tures
w

fringes of reflectivity curves. Furthermore, the appearance of
interference fringes indicates that the films are continuous
and present a nearly homogeneous thickness at nanometric
level over large lateral dimensions. Experimental XRR curves
were simulated using the theoretical procedure proposed by
Nevot and Croce.8 This fitting procedure yielded the follow-
ing parameters: (i) the apparent density of the coating layer,

F er-
atures, prepared from redispersed sol with different complexing ratio
C = [Acac]/[Ti]. The curves were vertically translated for clarity.
ig. 2. XRPD patterns of powders prepared with different complexing
= [Acac]/[Ti]. The patterns of samples treated at different tempera
ere vertically translated for clarity.
ig. 3. X-ray reflectivity curves of films, treated at different temp
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Table 1
Structural parameters of sol, powders and films obtained from XRPD, XRR and SAXS measurements

deduced from the critical angle,θc, for total reflection tak-
ing account for the elemental composition of films (the con-
tribution from organics in the atoms proportion was eval-
uated from TG results,Fig. 1); and (ii) the thickness of
the coating film deduced from the period of the oscilla-
tions in the reflectivity curves. The values of the density
and thickness assuming a single film layer are also reported
in Table 1.

SAXS curves corresponding to films prepared from
powders with different complexing ratio and submitted to
different firing temperatures are plotted inFig. 4. The curve
of the sol prepared with 15 wt.% of redispersed powder is
also displayed. The SAXS patterns of sol and films treated at

F
p
T

500◦C present a well-defined peak, similar to that observed in
previous studies of concentrated SnO2 sols and SnO2 films.9

This peak was attributed to interference effects in the X-ray
scattering amplitude coming from spatial correlation of parti-
cles in suspension and pores in the films. The intensity of this
peak decreases for decreasing firing temperatures, being note
clearly apparent in dried films. In the lowq region, the inten-
sity increases for decreasingq, indicating the presence of a
coarser structural level. The scattering intensity produced by
this type of structure formed by multiple (n) structural levels
can be described by a semi-empirical equation proposed
by Beaucage et al.10 that obeys both Guinier and Porod
asymptotic trends and takes into account the correlation
effects:

I(q) =
n∑

i=1

Gie
−q2R2

gi
3 + Bie

−q2R2
g(i−1)
3

×




[
erf(qRgi/

√
6)

]3

q




Pi

Si(q) (1)

whereRg is the radius of gyration of scattering objects and
the parametersG, B andP depend on the electron density
contrast, size and shape of the objects, respectively. The
structure functionS(q) for spherical nano-objects, in which
t by:
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ig. 4. SAXS curves for redispersed sols and films treated at different tem-

eratures, prepared from sol with different complexing ratio C = [Acac]/[Ti].
he curves were vertically translated for clarity.

f uous
l by
he only correlation is a hard sphere interaction is given

(q) = 1

1 + kθ
(2)

= 8V/V0, being the packing factor, whereV is the averag
hard-core” volume andV0 is the average available volume
ach sphere. Theθ factor depends on the average inter-sp
istanced as follows:θ = 3[sin(qd) −qdcos(qd)]/(qd)3.

The fits of Eq.(1) to the experimental curves were p
ormed by taking account both coarse (n= 1,S1(q) = 1) and
ne (n= 2,S2(q) given by Eq.(2)) structural levels. Althoug
he crystal structure of anatase could give rise to anisot
rowth during firing, a satisfactory fit of Eq.(1), which holds

or spherical shape, was obtained as displayed by contin
ines inFig. 4. Despite the fact that the intensity produced
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the coarse level is described by Eq.(1), the absence of a trend
towards a constant value for decreasingq (characteristic of a
Gaussian function) hinders the accurate determination ofRg1.
The lowq region of SAXS curves was in all cases well fitted
assumingRg1≈ 100 nm, which corresponds to a rough char-
acteristic size of the coarse structure. Thus, only the param-
eters related to the fine structure were precisely determined
by the mentioned non-linear least square fitting procedure.
The values of the relevant structural parameters (Rg2, k, and
d) corresponding to the fine structure level are also reported
in Table 1.

In the light of data listed inTable 1, the effect of the com-
plexing ratio on the nanostructural feature of nanocrystalline
anatase films can be explained as follows. Firstly, it is impor-
tant to note that the average crystallite size in dried powders
are close to the values ofRg2 of fine particles in suspension,
determined by SAXS. It indicates that each primary particle
is formed by more than one crystallite. Furthermore, the
scattering observed at low q region of SAXS curves indicates
the presence of coarse objects (Rg1 > 100 nm) attributed to
the aggregates of primary particles. As the aggregation level
in colloidal systems decreases by dilution, this assignment
could be confirmed by SAXS measurements carried out as
a function of the powder content in the suspension (data
not shown). The relative contribution of the lowq scattering
with respect to the peak intensity at highq range decreases
b olid
c osi-
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s
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the crystallite size of dried powders is practically indepen-
dent on the [Acac]/[Ti] ratio. On the other hand, the crystallite
growth under firing is mainly dependent on [Acac]/[Ti]. For
films with [Acac]/[Ti] = 1 and 2 the crystallite growth is fully
inhibited upon firing at 400◦C, while a considerable growth
is observed for the other samples treated at the same temper-
ature. These features suggest an opposite role of Acac: (i) the
maintenance of the initial crystallite size is favoured by the
increase of Acac ligand anchored at the particles surface; (ii)
the heat release during the combustion of organics increases
with the Acac content (Fig. 1), favoring both the crystallite
growth and the densification of films. This explains also the
high values of apparent density, close to the anatase single
crystal one (3.89 g cm−3), found after firing at 400 or 500◦C
(Table 1).

4. Conclusions

Anatase nanocrystalline thin films deposited by dip coat-
ing from a suspension of surface modified nanoparticles using
para-toluene–sulfonic acid and acetylacetone exhibit both a
fine intra-agglomerate and a coarse inter-agglomerate poros-
ity. The maintenance of the initial crystallite size (9Å) after
firing upon 400◦C is achieved by the presence of acetylace-
tone ligand anchored at the surface of primary particle.
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e and
y dilution of suspension, and are not observed for s
ontents lower than 4 vol.%, like that used for film dep
ion. Therefore, we infer that the fine and the coarse ob
bserved in SAXS curves of films are related to hierarch
tructure resulting from the aggregation process induce
olvent evaporation during dip-coating. The values ofRg2

n dried films are systematically smaller than that of the
nd for samples fired at 500◦C Rg2 is much lower than th
verage crystallite size. These findings suggest that th
bject probed by SAXS is in fact voids between prim
articles.

The ill-defined maximum observed both for dried fil
nd after firing at 300◦C can be explained by the weak d
ree of correlation revealed by the low value of the pa

ng factork, and also by the low electronic density cont
etween the not empty pores and the anatase matrix

ater contribution is supported by the observed increas
at increasing temperature from 110 to 300◦C without a

emarkable increase of the amplitude of correlation pe
herefore, this result suggests that for dried films pore
t least partially filled with organics and the firing at 300◦C

s not enough to complete the pore emptying by the pa
limination of organics revealed by TG (Fig. 1). Usually, the
ores emptying process leads to shrinkage, and increa
pparent density due to increase of particles packing u
ffect of capillary pressure.9 This scenario corresponds re
onably to the nanostructural evolution found for all fi
red upon 300◦C.

It is important to recognize also that the addition of A
igand favours the formation of nanocrystalline anatase
f

The heat release during the combustion of organics de
ives favors the crystallite growth and the densification
lms at low sintering temperature (≤500◦C). Thus, this find
ng allows us to use the sol–gel process to prepare dense
t the temperature range compatible with the requireme
lassical glass coating technology.
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