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The sol-gel process enables the preparation of ceramic thin films ranging in characteristics from dense to highly
porous layers. Based on the example of silica layers, this paper focuses on the importance of the choice of the
various synthesis parameters to tailor the porosity of the final material and new opportunities associated to the
templating effect. The problems related to the characterization of the porosity in the case of thin films are also

considered.

Introduction a porosity of 26% and to two types of pores with a radius
equal to 0.225 R (tetrahedral sites) and 0.414 R (octahedral
The sol-gel route is a very convenient method to preparsites), respectively. For a dense random packed arrangement,
porous thin layers of ceramic oxides. Fluid starting sols cartthe lowest limit for the porosity is 36%, with a pore size dis-
be deposited on dense or porous substrates leading to deftrtbution ranging from 0.2 Rto 0.6 R. In the case of a dis-
free submicrometer thin filmisThe porosity in the final lay- tribution of particle sizes, denser packing can be obtdined,
ers however, depends greatly on the various synthesend the pore size distribution depends strongly on the com-
parameters. The requirements associated with the fingdosition of the mixture of spheres (Figure 1).
application of the thin layers allow for the definition of an From this first set of data it appears clearly that the prepa-
ideal porosity in terms of total porosity, pore size, pore sizeation of mesoporous layers (pore size between 2 nm and 50
distribution, connectivity and tortuosity of the porous net-nm) can be considered using colloidal dispersions. For the
work. The preparation of silica thin layers is chosen as apreparation of microporous layers (pore size less than 2 nm),
example of the various synthesis strategies available to taildhe most convenient way is the polymeric route from solu-
the final porosity. The problem of the characterization of thetions of molecular precursors, like alkoxides.
porosity of the thin layers is also introduced in the last part
of this paper. Aggregation and Polymerization

Sol-gel Routes and Elemental Bricks Gelation of colloidal dipersions In order to obtain the
formation of the solid network the aggregation of the colloi-
The initial choice is related to the nature of the precursodal particles must be promoted. In the case of the preparation
of the inorganic network. Two main types of sol-gel routesof thin films, the starting sols are only very slightly aggre-
can be distinguished. In the polymeric route the elementajated if at all. The evaporation of the liquid phase during the
unit that is initially used is a molecular precursor, usually adrying of the layers causes the colloidal particles to aggre-
metal-organic compound of alkoxide type M(@Rjor sil-
ica, the most common precursors are tetramethoxysilan
Si(OCHs)s (TMOS) and tetraethoxysilane Si(@H3z)a
(TEQOS) in solution in their associated alcohols. In the colloi-
dal route, the elemental unit is a solid nanopatrticle disperse
as stable sol in a liquid. The sol stability is related to electro
static and steric repulsive interactions. Various silica hydro
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sols are commercially available with particle size ranging
from 10 nm to 40 nm. 0.1 :
These elemental units are the bricks from which is built M“ II
the oxide network. The choice of the size of the brick will ¢ o ILILREAA ALY | L
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arrangement (face-centred cubic or hexagonal) gives rise w ) o
Figure 1. Pore size distribution for two dense random packed

- - - - - - arrangements produced from a bimodal mixture of small spheres
"Basis of the presentation given at Intenational Joint Seminar oftadius R) and large spheres (radius 84 R) and exhibiting the
New Trends in Material Chemistry 12-13 March 1999, Seoulsame total porosity (30%); black bars: 10% of small spheres; white
National University, Seoul, Korea bars: 75% of small spheres (from ref. 4).
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Table 1. pH effect on the porous texture of colloidal silica gels
produced by evaporation of the aqueous phase (particle diameter
12 nm)

pH  sol stability porosity (%) average pore diameter (nm)

2 + 47 7
6 - 54 10
10 ++ 32 4

gate and form a continuous network. The stability of the
starting sol determines the gelation volume and, as a cons
guence, the density of the final arrangement: the more stab
the sol, the denser the layer. The effect of the stability of
guasi-monodispersed silica sol on the porosity and on th
pore size of the final material is shown in Table 1.

Gelation of alkoxide solutions The formation of the Figure 2. Schematic representation of the aggregation of fractal
oxide network is a result, in this case, of the polymerizatiorfusters using Menger sponges (the elemental brick is a cube)
of the molecular precursor. The hydrolysis of the alkoxide(from ref. 6).

(&) produces activated species and the condensation by

alcoxolation (b) or oxolation (c) leads to a reticulation by generated by aggregation of colloids or polymerization of
formation of siloxane bridges =Si-O-Si=. alkoxides depends on the diffusion of the elemental species
and of the growing clusters (effects of dilution, viscosity,

SIS(?(;{I)-L‘I i :28;:5'(83)*82; F:%%H ((i)) temperature). It depends also on the probability of aggrega-
—Si-OH + HO-Si=—. =Si-O-Si= + HO © tion during a contact between two species (reactivity). Vari-

ous models were proposed that are associated with a limiting
Looking more closely at the silicon alkoxides, the hydrol-mechanism for the growth: diffusion-limited monomer-clus-
ysis and condensation reactions are catalysed in acid aner or cluster-cluster growth, reaction-limited monomer-
base media, respectively. The polymerization process isluster or cluster-cluster growth. The resulting clusters or
modified as a function of the synthesis conditions. Acidaggregates usually exhibit a fractal (or hierarchical) structure
catalysis promotes the formation of linear polymers and londor scales above that of the elemental unit size. By this route
gelation timesd. The formation of dense clusters and shortthe gelation process leads to a large size distribution for the
gelation timesd are favoured by base catalysis. The hydrol-intra and inter-cluster pores as schematically illustrated on
ysis ratio (water : alkoxide molar ratio) is another importantFigure 2.
parameter. For a given alkoxide, differences in the synthesis Drying of the layers In the case of thin layers, the dep-
conditions give rise to important differences in the porousosition is carried out with a fluid sol before the gelation (at t
texture of the final material as shown in Tables 2 and 3. < tg). The reticulation occurs simultaneously with the drying
Gelation mechanisms The nature of the solid network of the layer, which induces a concentration of the sol. The
final porous texture is strongly dependant on the relative
Table 2 Influence of the hydrolysis method on the porous texturekinetics of polymerization and solvent evaporation.

of polymeric silica gels synthesised using TEOS (from ref. 1) Aging of the sols An important parameter is the aging
_ porositypore diametespecific surface ~ Of the sol before deposition. This parameter defines the
hydrolysis A
(%) (nm) area (M¥g) advancement of the polymerization process before the depo-
two-step acid-catalysed 54 1.5 740 sition of the sol and, consequently, the porous texture of the

resulting layer (Table 4).
Aging of the wet gels The porosity of the wet gels is
filled by the liquid phase. With the evaporation of the liquid,

two-step acid-base-catalysed 67 1-10 910
one-step base-catalysed 70 1-20 515

Table 3. Textural characteristics determined by thermoporometry
on wet and dried silica gels prepared with various hydrolysis ratio ifable 4. Ageing of polymeric silica sols prior to film deposition;

(molar ratio eau/TEOS) (from ref. 5) effect on the porous texture of the resulting layers (from ref. 7)
h porosity average pore specific surface ageing before  porosity average pore specific surface
(%) diameter (nm) area (ni/g) deposition t4 (%) diameter (nm) area (r/g)
wet dried wet dried wet dried 0-0.15 - <04 1-2
4 78 42 7 6.5 1012 296 0.15 16 3.0 146
6 78 42 9 6.5 720 337 0.33 24 3.2 220
10 82 a7 10 6 812 518 0.66 33 3.8 263

15 i 45 11 5 618 452 1 52 6.0 245
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Figure 3. Nitrogen adsorption-desorption isotherms for the
samples a, b, ¢ described in Table 5.

menisci appear in the pores and capillary stresses are appli
on the solid network, which shrinks. The porous texture is
strongly modified by the drying step (Table 3). The mono-
lithic structure of the bulk gels is usually not preserved a

cracking occurs. Concgrning_ the sol-gel _Iayers, films thinne‘brepared from mixtures of silica colloidal particles and polystyrene
than 0.5um can be dried without cracking, whereas for ajatex. (a) untreated layer; (b) layer treated at®5Qisappearance
thickness greater thanuin, cracking is usually observéd.  of the polystyrene spheres and production of spherical pores).

Evaporation can be reduced or stopped during and after
the deposition in order to promote reinforcement of the inor-
ganic network before the drying stage. Figure 3 and Table 5  Tailoring of the Porosity by Templating Effects
illustrate the effect of wet gel aging on the porous texture of
the final material. The studied materials show two length Use of individual particles as templates The templat-
levels of porosity: microporosity within the polymeric silica ing entities can be individual species ranging in size from
clusters and mesoporosity between clusters as is usualgmall molecules to solid particles. This last case is illustrated
observed in the case of two-step acid-base-catalyzed silida Figure 4. In this exemple, hybrid dispersions based on col-
gels. The aging enables the maintainance of a high porougidal silica - polystyrene latex mixtures are used to prepare
volume in the dried gel, which is essentially associated withmacroporous silica thin films with spherical pofes.
the large inter-cluster mesoporosity initially present in the Use of interconnected and ordered networks as
wet gel. templates In addition to controlling pore size and pore

A possible way to avoid capillary stresses is to carry outolume, it is also particularly interesting to control the con-
supercritical drying by removing the liquid above the critical nectivity of the porosity and the permeability of the porous
temperature and pressure of the soleifthis drying  material. K. Nakanishét al? used the spinodal decomposi-
method, however, cannot be easily adapted to the case tidn of sol-gel solutions into two phases, one rich in solvent
thin layers. Another strategy consists of the insertion ofand the other rich in polyethylene oxide and inorganic com-
removable entities in to the wet gel network, which help suppounds, to produce dried gels with interconnected porosity
port the capillary stresses during the drying stage and whicim the micrometer range. Unfortunately this method cannot
can be eliminated by thermal or chemical treatment after thbe extended to the nanometer range. Another strategy to pro-
reinforcement of the solid network. Moreover, these entitiesluce an interconnected porosity is the templating route. But
act as templates, generating a porosity of the same shape andthat case the individual templating units have to be
size as the templating units. replaced by removable interconnected networks.

At the nanometer scale the lyotropic liquid crystal

‘Iqiigure 4. Scanning electron microscopy observation on thin films

Table 5. Effect of ageing prior to drying for wet silica gels synthesised by two-step acid-base hydrolysis of TMOS

. pore volume porosity M-porosity specific surface
sample ageing (cm®-g?h (%) (% of porosity) area (ri/g)
a dried after deposition att ~0.Q5 t 0.68 60 86 1264
b dried immediately after the gelation 0.74 62 72 1106

c dried after 3 days of ageing at %D 1.23 73 42 1056
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Fluid isotropic sol ordered wet gel ordered porous oxide
Figure 5. Schematic representation of the sol-gel processing using a hexagonal mesophase as structure directing template.

mesophases, which are obtained by a self-assembly processatment up to 458C. Continuous thin layers were depos-

of surfactant molecules, appear as very attractive systemied on porous ceramic substrates and tested as separative
Moreover, the crystalline structure of these templates orientsiembrane$’ Hexagonal phases and associated ordered
the growth of the inorganic network and leads to the formaporous materials were initially limited to the lower values of
tion of ordered structure and porosity. The periodicity of thex: 8 and 108 Table 6 shows that the pore size can be modu-
structures involves the pore size monodipersity and defineslated by the length of the alkyl chain of the surfactant and
uniform connectivity of the porous and solid networks. Thethat there is good agreement between the textural character-
main lyotropic liquid crystals are lamellar (surfactant bilay- istics calculated from the structural data and that determined
ers separated by aqueous layers), hexagonal (hexagorfedm nitrogen adsorption measurements. The preparation of
arrangement of cylindrical micelles) and intermediate cubichexagonal phases and resulting porous layers were recently
structures. extended to the full range of x values (Figurés6).

In 1992 researchers at Mobil published a synthesis method An important aspect concerns the anisotropy of the
of mesoporous molecular sieves using the templating effeardered domains in the case of layers. Interactions at the gel-
of lyotropic liquid crystal mesophas¥s! The aluminosili-  substrate and air-gel interfaces favor the preferential orienta-
cate or silicate materials labelled M41S, are prepared bjion of the hexagonal and lamellar structures along these
hydrothermal treatment of solid or molecular inorganic pre-
cursors in the presence of cationic surfactants of alkyl trime

thyl ammonium halogenide type,dx.1(CHs)sN*, X™. As a 25 ' T T T
matter of fact, various studies show that the synthesis of si @
ica network in ordered amphiphilic media can also be 20

obtained by sol-gel routes at room temperature and atmc
spheric pressure. Others types of surfactant, anionic or nor
ionic, can also be used. In different processes, phase sepa = |
tions occur in the synthesis solutions. In other cases ¥ 4,
extraporosity is observed on a larger scale than the ordere O

porosity produced by the templating mesoph&&s. [ — :f:g
Our approach for the sol-gel synthesis of these kinds @ 5r — T50C

porous solids was based on the required properties of tf i 1;(%3

final material: a continuous thin layer with a porosity limited = 2' T 7 T 6=

to the ordered porosity generated by the crystalline templatt 2 g (degree)

The synthesis method is schematically represented in Figu

5. TMOS was mixed with an aqueous solution of cationic 500 b

surfactant of alkyl trimethyl ammonium bromide type: 400 | ®)

CxHax+2(CHg)sN*, Br (x = 8, 10, 12, 14, 16¥:6 The ther-
mal elimination of the template was obtained after a therme 300

Table 6. Textural properties of hexagonal silica gels determined 200

from nitrogen adsorption measurements or calculated from th
structural data. (x, number of carbons of the alkyl chain of the
surfactant; a, cell parameter of the hexagonal latticesadtulated

100

Volume adsorbed
(cm3,g-1 STP)

!

diameter of the cylindrical pores of a hexagonal structuse, d 00 0:5 1 15
measured average pore diameteg; @d S, calculated and
measured specific surface areas)

Relative pressure (P/P0)

- - Figure 6. Thin layer synthesised using TMOS and hexadecyl-
a de db S Sn  porosity p-porosity trimethylammmonium (x=16). (a) X ray patterns obtained after

X

(nm)  (nm) (nm) (mFg) (mg) (%) (% ofP) thermal treatment at various temperatures. The main diffraction
8 27 21 19 1074 1260 60 g2 peak is assigned to the Bragg spacingaf a hexagonal phase. (b)
10 32 25 23 883 1040 57 88 nitrogen adsorption-desorption isotherm for the layer thermally

treated at 456C.
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Figure 8. Nitrogen adsorption isotherms for microporous
supported thin layers produced from sols based on TEOS (a, b) or a
TEOS - methyl triethoxysilane mixture (c) and deposited att < 0.01
o a tc.

permeability of the final porous layers it seems interesting to
orient the templating structures, and as a result, the resulting
pores along a direction perpendicular to the layer surface.
Based on previous results on ferrosmeéficayr approach

to improve the texture consists of the introduction of mag-
netic nanoparticles in the gelling solution. First experiments
and X rays analyses showed the positive seeding effect on
the texture of the wet gets.

4 | (cps) (b)

Characterization of the Porosity of Thin Layers

The characterization of the porosity of thin films is a com-
plex problem if, beyond the total porosity, the pore size and
the pore size distribution are analysed. The methods based
on gas adsorption are the most convenient for the study of
microporous and mesoporous materials. The conventional
equipment employs volumetric measurements of the
adsorbed gas quantiti&sUnfortunately in the case of thin
films deposited on a substrate, the amount of porous layer
that can be introduced in a standard-size sample cell is too
small to be correctly characterized. Other types of adsorp-
tion equipment were developed, like the surface acoustic
wave devic® or a device based on the measurement of the
refractive index by ellipsomet?. These techniques, how-
ever, require specific conditions concerning the nature of the
substrate. In the first case, the substrate must be piezoelec-
o . . tric, while in the second case, the layer must be transparent
ﬁgf&eaﬁ- Trég%’eg'fgf‘zggg_s\t/‘;% t?;r:hgf ?h”('es?rt]:g%itof gftm” ('Eyer and the refractive index of the substrate must be quite differ-
peak: (aglversus, angle between the incidence bea?/n and terl]e laye nt from that OT the layer. Each SUbSFrate exhibits spec_lflc
plane; (b) versu8, angle between the projection of the incidence SUrface properties that can have an influence on the final
beam on the layer plane and the direction of withdrawal during th&€haracteristics of the deposited coatings. In order to study
deposition. (c) schematic representation of the alignment of th¢he layers on their own substrate, we tried to conciliate the
micellar cylinder parallel to Fhe substrate plane in an untreated thigonditions of use for a conventional adsorption apparatus
layer - case of a hydrophobic substrate (from ref. 21). with the specificities associated with thin layers. The volume

of the sample cell was increased and the free volume was
interfaces?-22 Moreover, shear stresses applied during theminimized?®

deposition can induce an alignment of the crystalline struc- Using this method, we studied the porosity of poorly
tures in the direction of the stresses. X ray analyses enable psrous sol-gel derived silica thin layers deposited on soda-
to evidence these anisotropies (Figure 7). To improve théme-silica glass and we compared their characteristics with
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Table 7. Variation of the porous texture between thin films and
corresponding thick layers (sols 1 and 2 were prepared by one-stefs.
base hydrolysis of TEOS and deposited att < Q1 t

sol - layer pore volume porosity  specific surface
(cm?lg) (%) area (¥g)

1 - thin 0.01 24 30 )

1 - thick 1.16* <0.1% <0.5

2 - thin 0.02 43 52 9

2 - thick 5.16° <0.1% <0.2

10.

that of self-supported cracked thick layers obtained from thé&1.
same gelling solutions. The adsorption curves (Figure 8) for
the supported thin layers correspond to type | isothférms

associated with mainly microporous materials as expected in
the case of an acidic hydrolysis. From the results reported i
Table 7, it is also possible to compare the porosity of the thi
coatings and that of the corresponding cracked thick layers.
The thick layers appear as dense material when using nitrg,
gen adsorption measurements. This difference shows the
effect of the substrate during the drying of the supported thins,
layers. It opposes the shrinkage of the coating, leading to a

higher porosity in the layer. These results underscore alsb6.
the importance of the characterization of the layers on their

own substrate. 17.

Conclusion

As a function of the requirements associated with its appli-
cation, the porosity of a sol-gel derived layer can be tailore
: . 9.
by means of a strict control of the synthesis parameters dur-
ing the successive preparation steps. New and attractivg,
opportunities exist to improve the porosity by using the tem-
plating effect of individual particles or interconnected net-21.
works. The improvement of the characterization methods
must also contribute to the optimization of the synthesis con22.
ditions to prepare better layers. -
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