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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 goafértglofene—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

of capping ligand allows for a fine-tuning of the average pore size of the dried films. Upon increasing the firing temperature o@,to 500
progressive increase in apparent density, average pore size of films and average crystallite size of powders were observed.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction resulting nanoparticles are monodispersed in size, they
tend to aggregate so as minimizing the surface free energy.
Nanocrystalline titania-based films have attracted great Because of surface reactivity, the particle-to-particle interac-
scientific and technological interest because of their in- tion is strong and thus agglomeration becomes irreversible,
teresting electrical, optical and catalytic properties, and especially after drying. Furthermore, the condensation of
because of several potential applications as a basic materiathe surface hydroxyl groups pulls together the constituent
for varistors! capacitord, gas and humidity sensofs, particles of the sol into a compact mass and, thus, the final
and photovoltaic devices.The surface properties are of particles grow up to a size much larger than that of the initial
paramount importance for nanosized grained materials, forone’
which the surface to volume ratio is much greater than in  The improvement of the kinetic stability of sols and the
bulk solids, making the former particularly appealing for the development of redispersible nanoparticles is of paramount
development of gas sensors and photovoltaic applicafiéns. importance for the industrial use of the sol-gel process in the
Many chemical methods have been considered so far asfabrication of ceramic films with fine-scaled microstructure.
candidates for preparation of uniform amorphous;fi{ns, The most frequently used approach to prevent the agglom-
being the sol—gel route the most practical for controlling the eration and growth of nanopatrticles is the substitution of the
features of the nanoscopic structéré The most frequently  surface hydroxyl groups by another functional group, like
used precursors for titania films through sol—gel processing organic complexing molecules, that do not condense as OH
are sols obtained by hydrolysing acetic acid or acetilacetonedoes and that could eventually provide the redispersibility
complexed titanium alkoxide€s’ However, even if the of the powdered xerogél’ Nevertheless, subsequent
heat treatments—that should be carried out in order to
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In this paper, the influence of both the firing temperature  The SAXS study of redispersed sols and of coated films
and the amount of complexing ligand on the nanostructural was performed using the synchrotron SAXS beam line of
features of anatase transparent thin films was investigated LNLS (Campinas, Brazil). This beam line is equipped with an
The films were deposited by dip-coating using an ethanolic asymmetrically cut and bent silicon (1 1 1) monochromator
suspension of redispersed nanoparticles prepared by sol-gethat yields a monochromatia. € 1.608,&) and horizontally
route, whose redispersibility was achieved by controlled focused beam. An ionisation chamber, placed downstream
modification of the surface with acetylacetone (Acac) and from the sample was used to monitor the intensity of the
para-toluene—sulfonic acid (PTSHJ. 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
2. Experimental to record the scattering intensiti{g), as a function of the

modulus of scattering vectay= (4r/1) sin(/2), € being the

The preparation of redispersible anatase nanoparticlesscattering angle. The parasitic scattering intensity produced
was based on the sol-gel route proposed by Scolan andby the solvent, substrate and air was subtracted from the total
Sanche?. To a solution of acetylacetone (the acetylace- scattering intensity. The resulting curves were normalized to
tonate ligand bonded to titanium will be noted as Acac) accountforthe effects related to natural decay in the intensity
in isopropanol, titanium tetraisopropoxide (Ti(OPPap of the synchrotron source, detector sensitivity and sample
was added slowly and the mixture was stirred at room transmission.
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 18h at 3. Results and discussion

60°C under magnetic stirring. The flask was fitted with a

condenser and a Ca{tap to avoid moisture exposure. The Fig. 1 shows the relative mass loss (TG) and differential
nominal complexing ratio, defined as C=[Acac]/[Ti] was thermal analysis (DTA) curves corresponding to the dried
varied between 0 and 4. The hydrolysis ratio, H s@Y/[Ti], powders prepared with different complexing ratio. The en-
and the acidity ratio, A=[PTSH]/[Ti] were fixed at 4 and dothermic mass loss (4—6 wt.%) observed for temperatures
0.2, respectively. The redispersible powders were obtainedlower than 110C can be attributed to water and organics
after solvent evaporation at 10Q for 24 h. desorption. A release (8—10wt.%) and combustion (weak

Transparent thin films of nanocrystalline anatase were exothermic peak) of weakly bonded or adsorbed organic
deposited on clean Corning boron-silicate glass substratespecies is verified between 180 and 220 A significant
by dip-coating process using an ethanolic suspensionmass loss accompanied by an intense exothermic peak corre-
containing 4 wt.% of redispersed nanopatrticles. Every depo- sponding to the removal of organics is apparent between 310
sition involved 1 dip at a withdrawal speed of 8 cm/min. For and 460°C. The mass loss involved in this process increases
the films studied by small-angle X-ray scattering (SAXS), from 24 to 52 wt.% by the increase of [Acac]/[Ti] ratio from
10 successive layers were deposited on 0.05 mm thick mica0 to 4. The oxidation of the organics content of complexing
sheets to obtain thick enough sampked Q0 nm). Aftereach  species usually takes place within this temperature range, as
dipping, the samples were dried at T@and then subjected  indicated by the strong complexing linkage between titanium
to slow heating at a rate of’&/min to a desired temperature atoms and organics. The presence of the complexed form of
from 300 to 500°C and then held at that for 1 h. This heating Acac and PTSH was confirmed B3C and'H NMR spectra
protocol was applied also to the thermal treatment of dried of dried powders.
powders. Fig. 2 compares the XRPD patterns of powders with

Simultaneous thermogravimetric (TG) and differential different complexing ligand ratios treated at different
thermoanalysis (DTA) of dried powders were performed, temperatures. The dried powder prepared without Acac is
from room temperature up to 80C under oxygen flux, by = amorphous and cannot be redispersed, while the patterns of
using a SDT2960 (TA Instruments) apparatus at a heating powders containing Acac complexing ligand present a broad
rate of 10°C/min. The crystalline phases presentin dried and (10 1) peak, characteristic of nanocrystalline anatase. Heat
fired powders were analyzed by X-ray powder diffraction treatments up to 300C do not lead to remarkable changes in
(XRPD) with a Siemens D5000 diffractometer (Cu Kadi- XRPD patterns. When the firing temperature increases up to
ation, A = 1.541,&) with a curved graphite monochromator, 400°C, the maximum intensity of the Bragg peaks increases,
and a fix divergence slit of 178in a Bragg—Brentano con-  while their width decreases, thus evidencing the growth of the
figuration. Intensity data were collected by the step counting crystallites. The average size of the anatase crystallites was
method (step 0.02and time 3s) in a@range between 10  calculated from the measured width of the [1 0 1] Bragg peak
and 80. This equipment was also used to measure the X-ray using the Scherrer relation and assuming that the peak broad-
reflectivity (XRR) of the films, which yields their thickness ening is essentially due to size effects. The average sizes of
and apparent density. The accuracy for density and thicknesgshe anatase crystallites, within accuracy of 15%, are reported
determinations is about 7% and 0.5 nm, respectively. in 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 4@

The experimental XRR curves were collected for all the fringes of reflectivity curves. Furthermore, the appearance of
studied films fired at different temperatures, but, for clarity, interference fringes indicates that the films are continuous
only the curves corresponding to those prepared @itt0.5, and present a nearly homogeneous thickness at nanometric
2 and 4 are displayed iRig. 3. An increase in the critical  level overlarge lateral dimensions. Experimental XRR curves
angle for total reflection is observed for increasing temper- were simulated using the theoretical procedure proposed by
atures in all cases, demonstrating that the higher the firing Nevot and Crocé&.This fitting procedure yielded the follow-
temperature the denser the films. This densification favoursing parameters: (i) the apparent density of the coating layer,
the films shrinkage and, consequently, the thickness reduc-
tion, as shown by the decrease in the period of the interference

T(°C)
00 "8y Acac/Ti
: N —— 05
. \\ —s— 2
{400 "\, 4
Acac/Ti ]
4 e
S
s
P
500°C s
o
ks
@
@
o
4
400°C
0
4
300°C
0
4
100°C
T T T 1 T T
20 40 60 80 0 1 2
26 (°) Incidence Angle (°)

Fig. 2. XRPD patterns of powders prepared with different complexing ratio Fig. 3. X-ray reflectivity curves of films, treated at different temper-
C =[Acac]/[Ti]. The patterns of samples treated at different temperatures atures, prepared from redispersed sol with different complexing ratio
were vertically translated for clarity. C =[Acac]/[Ti]. The curves were vertically translated for clarity.



2178 R.C. Kaminski et al. / Journal of the European Ceramic Society 25 (2005) 2175-2180

-Sretlrtzjlstjral parameters of sol, powders and films obtained from XRPD, XRR and SAXS measurements
Crystallite size Density Thickness Gyration Packing factor, Correlation
of powders (nm) (g.cm™) (nm) Radius R, (nm) k length, d (nm)
Acac/Ti 0/0.5/1/ 2/4 0.5/ 17 2/ 4 0.5/ 1/ 2/ 4 0.5/ 1/ 2/ 4 05/ 1/ 2/ 4 0.5/ 1/2/ 4
T (°C)
sol - - e - - -/ -/ - - - - -10.9/ -/0.7 -/34/ -/2.8 -1 2.5/ -/2.0
100 -/0.9/0.9/1.2/0.9 2.6/2.0/ 2.7/24 13/11/9/12 0.4/ 0.5/0.4/ 0.6 0.1/1.0/0.6/ 0.0 1.9/ 1.6/1.9/ -
300 0.8/0.8/0.8/0.8/0.8 2.8/2.6/ 3.3/3.6 13/ 9/ 7/ 8 0.8/0.7/0.7/ 0.6 1.1/2.5/2.5/ 0.0 2.1/2.2/2.5/ -
400 1.8/4.0/0.8/0.9/2.1 3.1/3.4/3.8/3.8 10/ 7/ 7/ 7 T . g 1 oft il =
500 9.5/ 15/ 9.0/ 24/27 3.8/3.4/3.8/3.8 10/ 6/ 7/ 17 3.4/2.8/2.8/3.1 2.1/2.5/2.0/ 0.7 11/9.8/9.3/7.0

deduced from the critical anglég, for total reflection tak- 500°C presentawell-defined peak, similar to that observedin
ing account for the elemental composition of films (the con- previous studies of concentrated Sredls and Sn@films.?
tribution from organics in the atoms proportion was eval- This peak was attributed to interference effects in the X-ray
uated from TG resultsfig. 1); and (ii) the thickness of  scattering amplitude coming from spatial correlation of parti-
the coating film deduced from the period of the oscilla- clesin suspension and pores in the films. The intensity of this
tions in the reflectivity curves. The values of the density peak decreases for decreasing firing temperatures, being note
and thickness assuming a single film layer are also reportedclearly apparent in dried films. In the lagwegion, the inten-
in Table 1 sity increases for decreasigindicating the presence of a

SAXS curves corresponding to films prepared from coarser structural level. The scattering intensity produced by
powders with different complexing ratio and submitted to this type of structure formed by multiple)(structural levels
different firing temperatures are plottedkig. 4. The curve can be described by a semi-empirical equation proposed
of the sol prepared with 15wt.% of redispersed powder is by Beaucage et af that obeys both Guinier and Porod
also displayed. The SAXS patterns of sol and films treated atasymptotic trends and takes into account the correlation

effects:
°A ~* -

n —q ;
@)=Y Ge 5 +Be 3
i=1

ertigry V8]

x|——— | Si) 1)
q

whereRy is the radius of gyration of scattering objects and
the parameter§, B and P depend on the electron density
contrast, size and shape of the objects, respectively. The
structure functior§(q) for spherical nano-objects, in which
the only correlation is a hard sphere interaction is given by:

1

S@) =7 y )
k=8V/\y, being the packing factor, whekéis the average
“hard-core” volume an¥j is the average available volume to
each sphere. ThEfactor depends on the average inter-sphere
distanced as follows:6 = 3[sin(qd) — qdcos@ad)]/(qad)2.

The fits of Eq.(1) to the experimental curves were per-
formed by taking account both coarse<1, $;(g)=1) and
iy fine (n=2,$(q) given by Eq(2)) structural levels. Although

Lot the crystal structure of anatase could give rise to anisotropic

Fig. 4. SAXS curves for redispersed sols and films treated at different tem- growth during firing, a satisfactory fit of EGL), which holds

peratures, prepared from sol with different complexing ratio C = [Acac)/[Ti]. for Spherical shape, was obtained as displayed by continuous
The curves were vertically translated for clarity. lines inFig. 4. Despite the fact that the intensity produced by

Intensity (a.u.)
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the coarse level is described by E), the absence ofatrend the crystallite size of dried powders is practically indepen-
towards a constant value for decreasifgharacteristicofa  dentonthe[Acac]/[Ti] ratio. On the other hand, the crystallite
Gaussian function) hinders the accurate determinati&gof growth under firing is mainly dependent on [Acac]/[Ti]. For
The lowq region of SAXS curves was in all cases well fitted  films with [Acac]/[Ti] = 1 and 2 the crystallite growth is fully
assumindRg1 ~ 100 nm, which corresponds to a rough char- inhibited upon firing at 408C, while a considerable growth
acteristic size of the coarse structure. Thus, only the param-is observed for the other samples treated at the same temper-
eters related to the fine structure were precisely determinedature. These features suggest an opposite role of Acac: (i) the
by the mentioned non-linear least square fitting procedure. maintenance of the initial crystallite size is favoured by the

The values of the relevant structural parametBgs,(k, and increase of Acac ligand anchored at the particles surface; (ii)
d) corresponding to the fine structure level are also reportedthe heat release during the combustion of organics increases
in Table 1 with the Acac contentKig. 1), favoring both the crystallite

In the light of data listed ifTable 1, the effect of the com-  growth and the densification of films. This explains also the
plexing ratio on the nanostructural feature of nanocrystalline high values of apparent density, close to the anatase single
anatase films can be explained as follows. Firstly, it is impor- crystal one (3.89 g ci?), found after firing at 400 or 500C
tant to note that the average crystallite size in dried powders(Table ).
are close to the values &% of fine particles in suspension,
determined by SAXS. It indicates that each primary particle _
is formed by more than one crystallite. Furthermore, the 4- Conclusions
scattering observed at low g region of SAXS curves indicates . o ] .
the presence of coarse objecRy(>100nm) attributed to Anatase nanocr.ystalllne thin fllms. erosned by.dlp coat-
the aggregates of primary particles. As the aggregation leveliNd from asuspension of;urface modified nanopart!c!es using
in colloidal systems decreases by dilution, this assignment para_—toluene—sulfonlc acid and acetylacetone exhibit both a
could be confirmed by SAXS measurements carried out asfin€ intra-agglomerate and a coarse inter-agglomerate poros-
a function of the powder content in the suspension (data |t.y_. The mamtenapce of_the initial crystallite sizeAPafter
not shown). The relative contribution of the lapscattering ~ fifing upon 400°C is achieved by the presence of acetylace-
with respect to the peak intensity at highrange decreases tone ligand anchored at the surface of primary particle.
by dilution of suspension, and are not observed for solid  TNheheatrelease during the combustion of organics deriva-
contents lower than 4 vol.%, like that used for film deposi- tives favors the crystallite growth and the densification of
tion. Therefore, we infer that the fine and the coarse objects films atlow sintering temperature:600°C). Thus, this find-
observed in SAXS curves of films are related to hierarchical Ing allows us to use the sol—gel process to prepare dense films
structure resulting from the aggregation process induced byat the' temperature range compatible with the requirements of
solvent evaporation during dip-coating. The valuesRgf classical glass coating technology.
in dried films are systematically smaller than that of the sol,
and for samples fired at 50C Ry2 is much lower than the
average crystallite size. These findings suggest that the fin
object probed by SAXS is in fact voids between primary
particles.

The ill-defined maximum observed both for dried films
and after firing at 300C can be explained by the weak de-
gree of correlation revealed by the low value of the pack-
ing factork, and also by the low electronic density contrast
between the not empty pores and the anatase matrix. TheReferences
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