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Introduction 

Long after the first industrial revolution, the politics, industry and research meet new 

challenges. Their interest of today is not simply development, but environment-conscious 

transformation and development of our everyday life. Technologies consuming less material 

and energy, producing less harmful products and side-products should replace the traditional 

processes within the scope of sustainable development. Nanotechnology is the still advancing 

interdisciplinar branch of science presenting original solutions to current requirements. It is 

dealing with nanometric or nanometrically organized materials owning attractive properties 

compared to conventional materials and at significantly reduced dimensions. Examples are 

miniature electronic devices, sensors and thin functional coatings for optics, catalysis or 

separation processes. 

Nanotechnology gathers a number of innovative preparation and characterization techniques 

that are indispensable for the tailoring and analysis of new materials. One of the synthetic 

approaches is the wet chemistry route, which means the preparation under mild conditions of 

nanostructured materials in solution, under control of chemical parameters. 

Professors André Ayral and Zoltán Hórvölgyi are carrying out research work in proximate 

area of materials science – both of them is familiar with wet chemical synthesis – but in two 

distant laboratories. Research group of Dr. Ayral (IEM, Montpellier, France) has developed 

porous ceramic membranes for ultrafiltration and nanofiltration elaborating Al2O3, SiO2 and 

TiO2 top layers with ordered and even hierarchical porosity. Lately multifunctional 

membranes were worked out from TiO2 anatase with the potentiality of coupling separation 

and photocatalysis processes for wastewater treatment. Dr. Hórvölgyi (BME, Budapest, 

Hungary) has been specialized in the building up of nanoparticulate mono- and multilayers by 

Langmuir-Blodgett (LB) technique via transfer onto solid substrate of Langmuir films 

prepared at the air-water interface. His research group is studying (among others) the 

structural and optical characteristics of Langmuir and LB films of silica micro- and 

nanospheres according to the chemical nature and wetting properties of the particle surface. 

The objective of the present thesis was to bring forward the research work of both groups by 

the introduction of a new material of rising interest: zinc oxide. Since ZnO is a photoactive 

material like titania, in France I prepared porous ceramic membranes with ZnO active top 

layer in view of their application for coupled separation and photocatalysis. Another 

promising functionality was the chemical activity of ZnO towards H2S that made suitable the 

testing of the porous ceramic membranes for chemisorption. The main steps of the work were 

first the elaboration of an appropriate precursor sol for dip coating and slip casting deposition 

- it was necessary to have a concentrated (> 0.1 g.mL
-1

) aqueous (or ethanolic) sol. Secondly, 

I deposited thin films and membranes on glass and ceramic substrate by dip coating, spin 

coating and slip casting methods and prepared equivalent powders. The texture, morphology 

and crystallinity of materials were investigated by scanning electron microscopy (SEM), N2 

adsorption/desorption and X-ray diffraction techniques (XRD). Membrane properties were 

studied in a home-made tangential filtration pilot, and photocatalytic tests were performed on 

films and membranes in contact with aqueous methylene blue solution and solid stearic acid 
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coating, under UV illumination. Finally membranes and powders were exposed to H2S in a 

furnace and regeneration conditions were examined by thermogravimetric analysis. 

In Hungary, my goal was to elaborate multifunctional LB films with special optical property 

(e.g. antireflectivity) and self-cleaning ability. An important point was the choice of ZnO sols 

that would suit for Wilhelmy film balance investigations: „clean‖ organosols that contain 

nearly spherical, monodisperse population of nanoparticles. Particles were characterized by 

transmission electron microscopy (TEM), X-ray diffraction, small angle X-ray scattering 

(SAXS), and N2 adsorption/desorption analyses. Further to this, surface pressure – surface 

area isotherms of the particles at the air-water interface were collected. Brewster angle 

microscopy (BAM), transmission electron microscopy as well as scanning angle 

reflectometry (SAR) measurements were additionally performed on Langmuir films. Simple 

and complex LB films were characterized by various methods (scanning electron microscopy, 

X-ray diffraction and porosimetric ellipsometry etc.) both in France and in Hungary. Optical 

properties of LB films were investigated by UV-Visible spectrophotometry and reflectometric 

measurements. Evaluation of the effective or gradient refractive index was achieved by fitting 

optical models on the measured curves. Photocatalytic activity and capacity of the films were 

tested in contact with aqueous methyl orange solutions under UV irradiation. Mechanical 

stability of the LB films against ultrasonic treatment was measured, and possibilities of 

improvement were investigated. 

My dissertation is composed of three main parts: A – Literature review, B – Experimental 

methods and C – Results. In Part A, the notion and preparation techniques of nanostructured 

thin layers has been introduced with further details on recent results in the application fields 

aimed at (optical and electrical properties of semiconductor thin layers, ceramic membranes 

for separation) and ZnO-based devices (electronic, acousto-optic, photovoltaic, 

photocatalytic, and chemisorption applications). Part B contains the particulars of my 

experimental procedures with material elaboration and characterization. Structural and 

functional characterization of the resulting thin layers appears in Part C. Summary and 

perspectives of my research work are given at the end of the document. 
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A - 1 Functional nanostructured oxide thin layers 

Nanomaterials are objects showing ordered, periodic structure on the nanoscale in one, two or 

three dimensions. They can be of bulk nanomaterials containing tunnels (1-D, e.g. graphite 

tubes), lamellar stuctures (2-D, e.g. clays) or 3-D frameworks (e.g. zeolites) as well as thin 

layers, nanorods or sols
(1)

. Bulk nanomaterials are useful as molecular sieves, catalysts and 

hosts or templates for the preparation of other nanomaterials (host-guest inclusion chemistry) 

while thin layers are deposited on the surface of conventional bulk materials in order to 

improve their physical or chemical properties (electrical conduction, wetting, corrosion, 

sorption and optical behaviour, as well as their permeability or aesthetics) or even to provide 

them a new quality. 

The interest raised by nanomaterials lays in their unusual properties. Nanometric dimension 

involves markedly higher surface/volume ratio so much that the non-equilibrium state surface 

atoms influence markedly the macroscopic properties of the material. Completely new 

behaviour is observed for nanoparticles with diameter below few nanometers: size quantized 

properties (e.g. blue shift in the UV-Vis absorption edge) arising from electron confinement 

effect. Consequently, the macroscopic properties of a nanomaterial are the results of both its 

chemical composition and its specific nanoscale structure. This latter being essentially 

determined by the method and parameters of fabrication, various nanophysical and 

nanochemical techniques have been developed in the late decades
(2)

. 

Within this section I give a short description of some chemical methods for thin layer 

preparation. Then structural and functional characterization methods of conductive oxide 

films will be detailed in view of specific applications. Finally, the peculiarities of ZnO and 

some of its late applications in nanotechnology will be described.  

A - 1.1  Innovative preparation techniques 

Traditional layer deposition techniques like painting and enamelling usually let out harmful 

side-products and wastes. On the contrary, innovative layer growth techniques are well-

controlled, reproducible and contribute to save energy and matter. The difference between 

nanophysical and nanochemical techniques lies in the approach. While physicists work from 

bulk to down with an engineering aspect (top down), chemists build up ordered structures (0-

D sols, 1-D nanorods and nanowires, 2-D nanosheets and lamellar structures, 3-D 

frameworks, porous materials) from the single atoms or molecules using their own ability for 

distribution and self-organization (bottom up). Both of them aim at finding reproducible 



Part A : Literature review 

 A-1 Functional nanostructured oxide thin layers 

11 

 

methods to synthesize materials that are perfect in size and in shape down to the atoms to be 

interesting for applications such as quantum electronics, nonlinear optics, photonics, 

chemoselective sensing, information storage and processing. For industrial use, easy and 

effective synthesis protocols are looked for with potentiality of scaling up. Two wet chemical 

synthesis routes are detailed hereafter, but a short presentation of nanophysical and other 

nanochemical synthesis methods is given in Appendix I in order to show their diversity and 

versatility without pretentiousness of being exhaustive
(1,3)

.  

A - 1.1.1 Elaboration of nanostructured thin layers by dip technique 

Dip technique or dip coating involves the immersion of the substrate into a solution 

containing hydrolysable metal compounds (or readily formed particles) and its withdrawal at 

constant speed into an atmosphere containing water vapour (Figure 1a). After drying in water 

atmosphere, the film needs hardening/chemical transformation by heat treatment. This 

technique has been used to deposit commercial large-area coatings whose refractive index 

could be varied by the composition of metal oxides. Similar deposition techniques are spin 

coating and slip casting. As for spin coating, the precursor solution with a volatile solvent is 

drained on the surface of the substrate that is afterwards spun around its normal axis. In this 

case only one side of the substrate is coated. Slip casting is used for asymmetric coating of 

tubular ceramic supports (Figure 1b). The ceramic tube is fitted into a long plastic tube 

containing the precursor solution. The ceramic tube can be filled and then emptied by 

lowering and then raising its position.  

       

Figure 1 : Schematic representation of a) dip coating
(4)

 b) slip casting 

The resulting thickness of the film is a function of the viscosity (η), the withdrawal speed (U), 

liquid-vapour surface tension (γ) and the density of the liquid (ρ) according to the 

expression
(5-6)

 for low withdrawal speed: 

 = 0.94
 휂𝑈 

2
3

𝛾
1
6 𝜌𝑔 

1
2 ,

 (1) 

where g is the gravity (~9.81 m.s
-2

).  

a b 
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Mesoporosity can be provided by the use of tiny nanoparticles (few nm to some tens of nm) in 

the precursor sol, whose deposition in a compact, crack-free layer gives rise to films with pore 

diameter between 2 to 50 nm (IUPAC designation of mesoporosity). Dip technique allows the 

preparation of sophisticated architectures, too. Ayral and co-workers elaborated thin films of 

ordered mesoporosity from SiO2, Al2O3 and TiO2 by means of mesophase templating
(7-10)

. 

They incorporated non-ionic triblock copolymer in high volume ratio (60-70 V/V %) into the 

aqueous precursor sol containing tiny oxide nanoparticles (< 6 nm). After deposition, the 

concentration upon drying of wet film – called evaporation induced self assembly (EISA)
(9)

 – 

occurred on the surface of the substrate with micelles forming mesophase and tiny particles 

filling the space between them. With careful control of relative humidity and temperature, 

hexagonal arrangement of cylindrical micelles or 3D cubic network of spherical micelles was 

obtained and solidified by the inorganic walls. Heat treatment of samples could eliminate the 

organic phase resulting in a highly porous thin film with well-defined pore size and structure 

(e.g. titania membrane shown in Figure 2: total porosity ≈ 38%, surface area ≈ 180 m
2
/g, 

mesopore diameter ≈ 4 nm).  

 
Figure 2 : SEM pictures of TiO2 anatase with cylindrical pores in hexagonal network

(10)
.
 

ZnO materials with controlled porosity or structure were also reported in papers, but they are 

synthesized as powder, not as thin layer, using the well-defined structure of a host material 

like MCM-41 silica
(11-17)

. This indirect method involves the following steps: preparation of 

the host structure, impregnation of the ZnO precursor, heat treatment for the formation of 

ZnO, elimination of host matrix. The last step is optional. One more paper reported the direct 

synthesis of structured ZnO powder
(18)

. Yan et al. carried out hydrolysis and condensation of 

a zinc salt in the presence of triblock copolymers in ethanol. The evaporation of the solvent 

after 3 hours of reaction yielded a white mesostructured powder. The polymer could be 

extracted later by refluxing the powder in ethanol.  Though this is an attractive and easy way 

to mesoporous ZnO it cannot be applied to synthesize thin layers by dip coating.  

A - 1.1.2 Elaboration of nanostructured thin layers by the Langmuir-Blodgett 

method 

Langmuir-Blodgett (LB) technique consists in transferring a monomolecular or 

monoparticulate layer from the air-liquid (liquid = subphase e.g. water) interface onto a solid 

substrate (Figure 3). First a sol of particles (or a solution of molecules) is prepared in an 

appropriate solvent that do not mix with water but can be spread on its surface.  
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Figure 3 : Langmuir-Blodgett film deposition in a Wilhelmy film balance 

The bare substrate is immersed into the subphase and then the sol or solution is spread at the 

air-water interface. After evaporation of the solvent, particles (or molecules) remain trapped 

at the air-water interface (the interparticulate and particle-subphase interactions are briefly 

presented in Appendix II), and are compressed with a movable barrier until we get a compact 

interfacial layer called Langmuir film. The withdrawal of the substrate is set off while the 

barrier is still moving. Annealing of the films is not necessary.  

Nanoparticulate LB films have inherent nanostructure. Full control of layer by layer (LBL) 

deposition is possible with this technique since multilayers can be prepared by repeating the 

process. Composition of the film can vary from layer to layer (vertically, in depth) as well as 

inside the layers (laterally) providing inherent vertical and, eventually, lateral nanostructure
(19)

 

(Figure 4). Classical film-forming entities are water-insoluble amphiphilic molecules like 

long chain fatty acids, and any arrangement of them (head-tail, head-head, tail-tail) in lamellar 

structure can be obtained in a relatively simple way. Thereafter, the technique was used to 

synthesize in-situ semiconductor particles e.g. with infusion of H2S through floating 

Langmuir film of arachidic acid with CdII ions in the subphase
(20)

. In the latest decades 

nanoparticulate LB coatings were obtained from semiconductor nanoparticles, too, whose 

surface was previously capped by organic molecules
(21-27)

. Hórvölgyi et al. used native and 

surface-modified Stöber silica micro- and nanoparticles to prepare simple, multilayered and 

complex LB films (containing particles of different size)
(28)

.   

 
Figure 4 : a) possible orientation of fatty acids in multilayered LB films; b) LB film of 

nanoparticles c) mixed nanoparticulate LB film and c) complex nanoparticulate LB film. 

Despite the advantage of variability, the application of this technique has been restraint in 

industrial field because of the requirements of high purity starting materials and control of 

interparticulate and particle-subphase interactions. On the other hand, advantage could be 

taken from this latter: when having sufficiently got acquainted with the mentioned 

interactions, the structure of the resulting film can be tailored. Another benefit would be the 

continuous deposition of coating, to which attempts have already been made
(29)

. A most 

suitable application field of LB films would be optics. Thus, Stöber silica nanoparticles were 

a b c d 
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used for the elaboration of antireflective (AR) LB films on glass substrate by Deák et al
(30)

. 

The AR property in this case arises from the special porous structure of the film and can be 

enhanced by the introduction of gradient porosity (resulting in gradient refractive index) 

(Figure 5). 

  
Figure 5 : a) Transmittance spectra of mono- and multilayered LB films containing silica 

nanoparticles of 92 nm mean diameter
(30)

; b) complex LB film concepts showing gradient 

refractive index arising from the structure
(28)

. The films exhibit strong antireflective property. 

Till now, there was no report in the literature about LB films composed of ZnO nanoparticles. 

A - 1.2  Structural and functional characteristics of nanostructured thin layers 

General characteristics of oxide thin films are summarized in Appendix II. This chapter 

focuses on characteristics of nanostructured thin films as antireflective coatings or separative 

membranes. In both cases, there is an obvious relation between the structure (crystallinity, 

stoichiometry, density, porosity, grain size) and the resulting properties. 

A - 1.2.1 Thin layers for optical application 

A brief summary of thin layer application in optics and techniques used for optical thin layer 

preparation is given in Appendix II. The most important parameters defining the final optical 

properties of a thin film are the structure (involving thickness, density and surface roughness) 

and the refractive index (RI) of constituting material(s).  

In the following, the characteristics of LB film structure will be shown, then methods 

mentioned for particle RI determination and, finally, modelling techniques based on the 

optical description of transmittance and reflectance for a layer-substrate system (involving 

simplifications) will be detailed.  

A - 1.2.1.1 Characteristics of Langmuir film structure  

For the preparation of a Langmuir film, the particles should be trapped first at the air-water 

interface
(31)

. This can be achieved by they being spread from an appropriate spreading liquid, 

which evaporates after. A 2D aggregation proceeds during the evaporation of the solvent, 

which cannot be interpreted on the basis of DLVO theory (electric double layer repulsion, van 

der Waals attraction) and structural interactions (hydrophobic attraction, solvatation 

repulsion). This phenomenon is caused by the symmetry distortion of interactions and the 

a b 
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appearance of other types of interactions (e.g. capillary forces) as a result of the space 

confinement
(32)

. These interactions are briefly: 

Capillary forces 

 Flotation type capillary forces appear between two particles, if the water surface is 

distorted around the particles
(33)

. This interaction is attractive if the direction of 

distortion is the same for both particles, otherwise it is repulsive. The distortion can be 

caused by gravitation, and it is observed for particles of a diameter ≥ 5 μm
(34)

. 

 Immersion type capillary attraction appears in thin liquid films at liquid-gas or solid-

gas interface, when the thickness of the thin liquid film becomes lower than the 

particle diameter. The surface of the thin liquid film is distorted around the particles 

depending on their wettability. The result is a lateral attraction causing 2D aggregation 

of particles irrespectively to their size or surface properties
(34-36)

. 

 Electrocapillary forces may induce attraction between the particles after the 

evaporation of the spreading liquid. The particles are partially immersed into the 

subphase at the interface of a polar and an apolar phase. It results in a vertical dipole 

moment, which affects the electric field around the particle. The repulsive forces 

between particles are more effectively diminished (at a smaller distance) for the part 

immersed into the polar subphase. This means the particle can decrease its potential 

energy dipping more into the subphase, which – for wettability reasons – induces a 

distortion of the subphase profile like in the case of attractive flotation type capillary 

force
(37)

. 

 Irregular meniscus can be formed as a result of chemical inhomogeneity of the 

particle surface or surface roughness. The system lowers its potential energy by 

reducing the area of subphase surface. For that, the similar contact angle sides of 

particles are oriented towards each other and they get closer under capillary 

attraction
(38)

. 

Other electrostatic interactions 

 Dipole-dipole repulsion is another result of the vertical dipole moment of the particles: 

it provides them with a short-range repulsion interaction. 

In the primary structure particles can be in a secondary energy minimum, like for native 

Stöber silica particles
(39)

. Silica particles whose surface was modified with organosilanes can 

reach primary energy minimum during spreading under immersion type capillary interactions 

and hydrophobic attraction. ZnO particles were not studied yet at the air-water interface. 

Though oxide particles do not decrease the surface tension of the subphase, a surface pressure 

(Π) – surface area (A) isotherm similar to that obtained for molecular films can be recorded 

upon compression: 

𝛱 = 𝛾0 − 𝛾𝑒𝑓𝑓 ,  (2) 

where γ0 is the surface tension of water, γeff is the surface tension measured by e.g. the 

Wilhelmy-plate method. The surface pressure is in this case the result of the force transfer 
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capacity of the particulate film, and it originates from the repulsion between particles. The 

kinetic energy contribution of Brownian motion is negligible
(33)

. The shape of the isotherm is 

specific to the system. The Π-A isotherms of arachidic acid and silica nanoparticles at the air-

water interface are shown in Figure 6. 

 
Figure 6: Surface pressure (Π) – surface area (A) isotherm of a) arachidic acid (AA) and b) 

96 nm diameter silica particles (S96). The evaluation of contact surface area (AK), collapse 

pressure (Πc) and collapse area (Ac) are shown. 

The particles rearrange upon compression till a rather close-packed structure is reached, 

where an abrupt increase in surface pressure occurs. This is the so-called ―solid‖ part of the 

isotherm, where the Langmuir film is formed. The linear extrapolation of this part to zero 

pressure gives the contact surface area (Ak), the characteristic area occupied by the number of 

particles in the film. The increase in surface pressure will be stopped at the collapse (Πc, Ac), 

where the film shall be broken and collapse phenomena occur depending on the 

hydrophobicity of the particles (folding, dipping into the subphase). The further increase in 

surface pressure is a consequence of the pressure gradient in the Langmuir film and the 

translation of the Wilhelmy plate. It was observed that weekly cohesive Langmuir films can 

be formed from native Stöber silica particles, which arrange in hexagonal structure. More 

cohesive films of hydrophobized silica particles conserved defects in the structure
(40)

. 

A - 1.2.1.2 Characterization of Langmuir-Blodgett films for optical 

application 

When the structure is controlled by LB deposition technique, the thin film will show inherent 

porosity, and by consequence a lower effective refractive index of the film (neff). Low 

effective refractive index is advantageous for antireflection effect (in this thesis, the term 

antireflectivity is used in the general meaning: reflection reducing effect in a range of 

wavelengths). For maximum antireflection effect at wavelength λ (definition of AR effect in 

optics) a material of appropriate RI has to be chosen to satisfy the following relations: 

𝑛𝑒𝑓𝑓 𝑑𝑒𝑓𝑓 =  
𝜆

4
     and     𝑛𝑒𝑓𝑓 =   𝑛0𝑛2, (3-4) 

where deff is the thickness of the layer, n0 is the RI of air (1.000) and n2 is the RI of the 

transparent substrate. Hence, for increased transmittance of glass (n2 =1.45) the layer in the 

visible region must be 80-170 nm thick with neff ≈ 1.20. 

a b 
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The characterization of the optical properties of an LB film is easier if the refractive index of 

the constituent particles is known. Index matching method was used for the determination of 

RI of Stöber silica particles (1.44-1.45 at λ=590 nm)
(41)

, but there were no data for ZnO 

particles in the literature. 

An LB film conserves mainly the structure of the Langmuir film. It is therefore useful to 

investigate the structure of the monoparticulate layer at the air-water interface by available 

techniques: Π-A isotherms, Brewster angle microscopy (BAM) and scanning angle 

reflectometry (SAR). The shape of isotherms gives information about the hydrophobic-

hydrophilic character of particle surface, and it shows the ―solid‖ region, where the film can 

be transferred onto solid substrate (linear fit in Figure 6a). The area occupied by one single 

particle can be calculated knowing the number of particles spread (N). The contact angle of 

the particles can be estimated if the particles are irreversibly removed from the air-water 

interface under collapse phenomena. The formula of Clint and Quirke
(42)

 is: 

𝛾𝐿𝐹𝑟2𝜋(1 − 𝑐𝑜𝑠 𝛩 )2 = 𝑉𝑟𝑒𝑝
1 + 𝛱𝑐𝐴𝑐

1,  (5) 

where γLF is the surface tension of the subphase, r is the radius of the particles, Θ is the 

contact angle of the particle on the subphase, V
1

rep is the interparticulate repulsive energy 

computed for one single particle, Πc is the collapse pressure and A
1

c is the collapse area 

computed for one single particle (Figure 6a). Bordács et al. observed, however, that this 

relation overestimates the particle contact angle, and better agreement was found by 

neglecting the 𝛱𝑐𝐴𝑐
1 term

(43)
 (using only the non-dissipative part of the isotherm). V

1
rep is 

equal to the work supplied under isothermal and reversible conditions (W1) to remove a single 

particle from the air-water interface. It can be calculated from the characteristic values of the 

Π-A isotherm: 

𝑊1 =
1

2𝑁
 𝐴𝐾 − 𝐴𝑐 𝛱𝑐   (6) 

BAM is a mainly qualitative technique for the macroscopic analysis of the long-scale layer 

structure
(30, 44)

. It is based on the fact that reflectance of a single wavelength p-polarized light 

is zero at the Brewster angle of a smooth interface depending on the RI ratio of the phases θB 

= arctan(n2/n0). Every change in the RI or the surface roughness increases the reflectance. 

Hence, this is a powerful technique of visualization of ultrathin layers, with an appropriate 

optical apparatus. The resolution of the image obtained is at the micrometer scale: it allows 

macroscopic observation of the interfacial structures. 

SAR is a quantitative technique to estimate the characteristic refractive index (n) and thickness 

(d) of thin layers at the air-water interface
(45)

 or on a solid substrate
(46)

. The reflected intensity 

of p-polarized He-Ne laser light is detected at range of angles of incidence near the Brewster 

angle of the subphase. For the evaluation, the reflectivity curve is first transformed into 

reflectance curve. Then the reflectance is expressed with the presumed refractive index model 

of the thin film, and experimental data are fitted with computation until best agreement. 

Several models are in use; those (detailed in App. III) elaborated by Hild et al. are 
(47)

:  
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 the homogeneous layer model (used for monoparticulate Langmuir or LB films; 

laterally and vertically homogeneous layer: n = neff; values obtained: effective 

refractive index of the layer neff, effective film thickness deff) 

 the hexagonal model (used for monoparticulate Langmuir or LB films; vertically 

inhomogeneous layer: the refractive index of the particles partially immersed into the 

subphase is computed for each plane in depth with the effective medium approach; 

values obtained: particle RI np,eff, immersion depth h/d, film thickness d),  

 gradient refractive index model (used for monoparticulate LB films; vertically 

inhomogeneous layer: n = n(z), a smooth monotonous function is used to describe the 

in depth change of refractive index for complex LB films; values obtained: average 

refractive index nav, film thickness d, inhomogeneity factor g). 

The hexagonal model was used in this thesis for the evaluation of SAR measurements of ZnO 

Langmuir films.  

Thin layers on the surface of solid substrates can be characterized by transmission and 

reflectometry techniques. Among these, UV-Vis spectroscopy can investigate thin layers in 

both transmission and reflexion configuration, but in this thesis only transmission mode is 

considered and gradient refractive index model was applied for the evaluation. Reflectometric 

characterization techniques are numerous: ellipsometry in the visible and in the infrared 

region, scanning angle reflectometry (mentioned before), X-ray reflectometry (XRR), 

neutronic reflectometry etc. relying all on different physical phenomena. A short presentation 

of techniques used is given in App. III. 

A - 1.2.1.3 Concept of self-cleaning antireflective coating 

Antireflective coatings are widely used both in scientific and common life: they can reduce 

very effectively losses in laser optics
(48)

 and give comfort to the eye when coated on glass 

lens, display covers, windows or windscreens
(49)

. Self-cleaning coatings are mostly used as 

paintings: semiconductor particles (e.g. TiO2) are mixed to pigments, and organic pollutants 

adsorbed on the painted wall are degraded under the effect of solar irradiation
(50)

. 

Nevertheless, there are only few reports on the coupling of self-cleaning and antireflective 

properties
(51)

, undoubtedly because of the difficulty of preparing a thin semiconductor film 

with low effective refractive index (n ≈ 1.2). 

A - 1.2.2 Thin layers for separative membranes
(52)

 

A membrane is a selective barrier between two fluid media permitting the transport of some 

components and ensuring the retention of the rest. The separation occurs under the control of 

a driving force (difference of concentration – dialysis, difference of electric potential - 

electrodialysis or difference of pressure – baromembrane processes). Membrane processes are 

excessively used in production processes as well as in environmental applications, and are 

gaining more and more importance e.g. in the reuse of water and solvents.  

Membranes can be grouped according to their material (organic, inorganic, composite), their 

shape (flat, tubular, hollow fibre) or their type (ionic, porous, dense). The membrane type can 
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be defined according to the species transported: ions for ionic membranes, molecules or 

particles for porous membranes and atoms or small ions for dense membranes. Membranes 

are characterized by their permeability (permeate flux divided by the driving force, quantifies 

the macroscopic flow) and permselectivity (separation ratio between species). 

In the following, the characteristic features of porous ceramic membranes will be treated and 

the concept of multifunctional membranes coupling separation and photocatalysis will be 

presented.  

A - 1.2.2.1 Characteristics of porous ceramic membranes 

Ceramic membranes have the advantage on organic membranes of good mechanical strength, 

and resistance towards high temperature, solvents and aggressive media. However, their price 

is higher in comparison to organic membranes, a drawback rather compensated by their much 

longer lifetime. Their shape is usually tubular, designed for tangential filtration in order to 

limit fouling phenomena. Most porous ceramic membranes have an asymmetric structure 

(layers of decreasing thickness and pore size are deposited on one side of a macroporous 

support (Figure 7)) to assure good mechanical strength and high permeability. 

 
Figure 7: a) SEM image of the cross-section of asymmetric alumina tube (Pall Exekia, 60 nm 

average pore size of the separative top layer); photographs of b) planar
(53)

 and c) tubular
(54)

 

porous ceramic membranes 

The final, top (active) layer will be in contact with the feed solution, and will dominate the 

membrane permeability and permselectivity. As permeability being very much affected by the 

fluid-membrane interactions, hydrophobic membranes are designed for the filtration of 

organic solvents, hydrophilic ones for aqueous phases. The viscous flux (J) across a porous 

medium is determined by the membrane permeability F and fluid viscosity η for a given 

pressure gradient (∇𝑃𝐿) according to Darcy’s law
(55)

: 

𝐽 = −
𝐹

휂
𝛻𝑃𝐿   𝐽 =

𝑚3

𝑚2𝑠
 (7) 

The permeability of the porous layer can be expressed by taking into account the irregularity 

of the porosity (tortuosity, non-linear sections etc.) by a semi-empirical relation named 

Carman-Kozeny
(56)

: 

𝐹 =
휀2

5[ 1−휀 𝑆𝜌𝑆 ]
 , (8) 

a b c 
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where ε is the porosity, S the specific surface area, and ρS, the skeleton density. Membrane 

and process parameters for micro-, ultra- and nanofiltration are summarized in Table 1. 

Process 
Transmembrane 

pressure 

Separative layer 

thickness 

Pore size in the 

separative layer 

Nature of the 

porosity 

Microfiltration (MF) 1-3 bars few ten µm 0.1-5 µm macroporosity 

Ultrafiltration (UF) 3-10 bars few µm 2-100 nm* mesoporosity 

Nanofiltration (NF) 

Gas Separation (GS) 
10-40 bars < 1 µm < 2 nm microporosity 

Table 1: Values of membrane and process parameters for micro-, ultra- and nanofiltration. 

*deviation from IUPAC classification, where 2-50 nm pores are called mesopores  

The permselectivity of the porous membrane is characterized by the membrane cut-off: the 

molecular weight of the molecule whose 90% is retained by the membrane.  

A - 1.2.2.2 Concept of multifunctional ceramic membranes coupling 

separation and photocatalysis
(10, 57)

 

Coupling separation and photodegradation of pollutants in one single process has been 

proposed as an economical alternative for two-step photocatalytic reactions: a reactor with 

catalyst powder in suspension and a separative membrane for the retention and reuse of 

catalyst. First has appeared the concept of immobilization of catalyst in a fixed bed
(58-59)

 or on 

the surface of solid substrate
(60)

, then photocatalyst was immobilized in a polymeric 

membrane for antifouling or waste water treatment
(61-63)

. Choi et al. recently prepared titania-

based membrane with disinfecting effect
(64)

. Ayral and co-workers elaborated porous ceramic 

membrane for direct coupling of separation and photocatalysis with active anatase layer 

presenting ordered mesoporosity
(10)

. They conceived two main configurations of asymmetric 

membrane (Figure 8). The first one is the deposition of photocatalytic layer with well defined 

pore structure on the feed side of the macroporous substrate. In this case, the same layer will 

supply separation and photodegradation (Figure 8a). This concept appears most advantageous 

because there is high probability of contact between organic molecules and photocatalyst 

surface. The second possibility is to coat the grains of macroporous substrate with photoactive 

material, and preparing an inert separative layer on the feed side (Figure 8b). 

 

Figure 8 : Principle of direct coupling separation/photocatalysis in the case of an asymmetric 

ceramic membrane: (a) configuration 1: photoactive separative top layer deposited on a non-

photoactive porous substrate. The irradiation is realized on the feed side. (b) configuration 2: 

non-photoactive separative top layer deposited on a photoactive porous support. The 

irradiation is realized on the permeate side.
(10)

. 
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The irradiation of the photocatalyst has to be applied on the feed side for configuration 1 and 

on the other side for configuration 2, respectively. This latter is a suitable arrangement for 

waste water treatment by UF: colloids and macromolecules should be retained and 

concentrated while small organic molecules pass and are mineralized in the permeate even 

possibly by the sun. 

A - 1.3 Properties and application of ZnO thin layers 

ZnO is one of the transparent conducting oxides (when doped) (TCO) like indium tin oxide 

and cadmium oxide. Though ITO films are more widely used, ZnO has advantages of its own 

e.g. stability in hydrogen plasma atmosphere
(65)

. Additional interesting properties are owned 

to this material by the hexagonal wurtzite structure, which is its stable crystalline form under 

atmospheric pressure (Figure 9). 

 

Figure 9. Hexagonal wurtzite type ZnO a) crystallographic structure
(66)

 and b) a single 

crystal prepared at Cradley Crystals
(67)

  

Figure 9a shows that double-layers containing Zn
2+

 ions on one side and O
2-

 ions on the other 

one are stacked together along the c-axis so that the crystallite has always a positively charged 

polar zinc surface and a negatively charged oxide surface. The lattice parameters and 

important physical constants of wurtzite ZnO are summarized in Table 2.  

Lattice constants a = 3.253 Å, c = 5.211 Å, a/c = 1.602
(68)

 

Sublimation point 1975 ± 25°C
(68)

  

Optical transparency 50% between 0.4 – 0.6 μm, max. 95% at  

1.2 μm (for a 2 mm thick sample)
(67-68)

 

Refractive index no = 1.9985, ne = 2.0147  

(λ = 6328 Å)
 (68)

 

2.008, 

2.029
(69)

 

Density 5676 kg/m
3(67)

 5606 kg/m
3(69)

 

Static dielectric constant 11.0
(67)

 8.656
(69)

 

Intrinsic carrier concentration < 10
6
 /cm

3(69)
  

Exciton binding energy 60 meV
(69)

  

Electron effective mass 0.24
(69)

  

Hole effective mass 0.59
(69)

  

Table 2: Physical constants of wurtzite type ZnO. 

a b 
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This structure shows piezoelectric properties with large electromechanical coupling factor and 

low dielectric constant
(70-71)

. ZnO thin film prepared by ECR-MPCVD-sputtering is therefore 

used in surface acoustic wave devices as an actuator
(72)

.  

A - 1.3.1 Electrical properties and applications 

ZnO is known to be an intrinsic n-type wide band gap semiconductor (Eg = 3.2 eV
(73)

) due to 

crystal lattice imperfections: interstitial zinc atoms and oxygen vacancies whose quantity 

depends hugely upon the preparation method. Conduction properties of ZnO thin films 

(thickness ~ 0.1-0.7 µm) elaborated by nanophysical methods were described by a carrier 

concentration of 4×10
19

-2×10
20

 cm
-3

, mobility of 15-30 cm
2
V

-1
s

-1
, a resistivity of 8×10

-4
-

7×10
-3

 Ωcm and an average transmittance of 0.8-0.9
(3)

. On the other hand, spin coating of 5 

nm ZnO particles on ITO glass led to films (thickness ~ 0.05-0.1 µm) with 10
-3

-10
-1

 cm
2
V

-1
s

-1
 

mobility, 5×10
18

-10
20

 cm
-3

 carrier concentration and antireflectivity (380-420 nm and 600-800 

nm)
(74)

. Meulenkamp
(74)

 explains this very low mobility value by an excessive scattering of 

electrons at the boundary of tiny particles. His conclusion is that effective electronic 

properties of the semiconductor films depend mainly upon nature and microstructure of the 

material. Therefore mobility value measured for the above film is characteristic for ZnO and 

also for wet spin-coated films composed of tiny nanoparticles. Nanorods (60-70 nm diameter, 

500-520 nm height) grown on the surface of Si-substrates by CBD present a carrier 

concentration of 3×10
17

 cm
-3 

and mobility of 36 cm
2
V

-1
s

-1(75)
. In fact, mobilities up to 200 

cm
2
V

-1
s

-1
 could be obtained and resistivity of 0.1 Ωcm was achieved by wet chemical 

synthesis with appropriate heat treatment at 500-600°C reducing the particle-particle 

interfaces by recrystallisation. As an application of ZnO conducting properties, varistors were 

fabricated sintering ZnO powder in a mixture of other oxides
(76-78)

. 

A - 1.3.2 Sorption properties and applications 

Chemisorption and physisorption of substances occur on the surface of ZnO material when 

exposed to a gaseous effluent. Chemical activity of ZnO towards H2S is exploited in the 

industry for the desulfurization of flue gas, natural gas, and carbon dioxide
(79)

. It removes 

hydrogen sulphide very efficiently (down to 0.02 ppm) in a first-order reaction depending 

only on the H2S concentration – in case there are no other disturbing species (e.g. CO2).  The 

Catalyst Handbook describes the transformation of the hexagonal ZnO into cubic ZnS via 

several structural changes causing a decrease in the porosity of the catalyst material. Though 

the formation of ZnS is fast and preferential at 350°C < T < 700°C, the diffusion of ZnS from 

the surface to the bulk and its replacement by ZnO is slow. An effective catalyst, therefore, 

should dispose of high surface area and porosity. Porous cement supported ZnO was 

elaborated in order to prevent structural changes in the catalyst morphology. 

Physisorption of a variety of gases on the surface of thin film ZnO electrode makes possible 

its application for gas sensing. Hydrothermal
(80-81)

 or sol-gel dip coating
(82-87)

 techniques are 

used in most cases to deposit thin ZnO films on the surface of p-Si or Pt electrode and detect 

organic (short chain alcohols, petroleum, VOC) and inorganic (water, hydrogen) vapours. 

Working temperatures are relatively low between 120°C and 370°C. In some special cases 
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detection was based on non-electrical response: ZnO-coated SAW device
(88)

 and quartz tuning 

fork
(86)

 could measure wine component and respectively relative humidity by the adsorbed 

mass. ZnO is not a very selective adsorbent, but selective ZnO-based sensor can be fabricated 

inserting biomolecules in the film
(89)

, coating a thin polymer film on it
(88)

, or depositing ZnO 

directly on the surface of an IR internal reflection element
(87)

. In the last case, a very sensitive 

VOC sensor was obtained, that detected several components at the same time in an FTIR 

apparatus. 

A - 1.3.3 Photoactivity and applications 

Light absorption (λ ≤ 360 nm) resulting in the formation of an electron-hole pair in the ZnO 

grain engenders multiple processes (Figure 10). Radiative processes take place upon 

recombination, and are the origin of an exciton emission and a broad visible (green) emission 

band for nanocrystalline ZnO
(90-91)

. The kinetics and mechanism of the photoluminescence 

were thoroughly investigated and understood
(92)

.  Electroluminescent devices based on ZnO 

green emission are designed 
(93-94)

. Non-radiative processes are e.g. redox reactions occurring 

on the surface of ZnO, if organic and/or inorganic species are adsorbed on it
(95-96)

.  

 
Figure 10: Non-radiative processes occurring on the surface of a ZnO grain upon excitation. 

Generation of electron – hole pair in the conduction (C.B.) and valance (V.B.) bands
(50, 4)

. 

First an electron–hole pair is formed on the surface of the semiconductor (Eq. 9). The hole has 

high oxidative potential permitting the direct oxidation of organic species (dye) to reactive 

intermediates (Eq. 10). Very reactive hydroxyl radicals can also be formed either by the 

decomposition of water (Eq. 11) or by the reaction of the hole with hydroxyl group (Eq. 12). 

The hydroxyl radical is an extremely strong, non-selective oxidant that leads to the 

degradation of organic chemicals: 

ZnO  + hν → ZnO (eCB
−
 + hVB

+
)  (9) 

hVB
+
 + dye → oxidation of the dye   (10) 

hVB
+
 + H2O → H

+
 + •OH   (11) 

hVB
+
 + OH

−
 → •OH   (12) 
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The electron in the conduction band (eCB
−
) – after diffusion to the catalyst surface – can 

reduce molecular oxygen to superoxide anion (Eq. 13). In the presence of organic scavengers, 

this radical leads to organic peroxides (Eq. 14) or hydrogen peroxide (Eq. 15). 

eCB
−
 + O2 → •O2

−
  (13) 

•O2
−
 + dye → dye−OO•  (14) 

•O2
−
 + HO2• + H

+
→ H2O2 + O2  (15) 

Electrons in the conduction band are also responsible for the production of hydroxyl radicals, 

which have been reported as the primary cause of organic matter mineralization (Eq. 16)
(97-98)

. 

•OH + dye → degradation of the dye  (16) 

An interesting consequence of these non-radiative processes is the photoinduced change in the 

oxide surface wettability
(99-100)

. The surface becomes hydrophilic upon illumination. The 

process is reversible: keeping in dark, the surface recovers its original wetting property. The 

proposed mechanism is the trapping of two holes by a surface lattice O
2-

, which leaves the 

surface. The oxygen defect induces dissociative adsorption of water molecules at the 

neighbouring zinc ions
(101)

. Practical use of wettability properties is e.g. the antifogging 

coating of mirrors. 

An important application of the photoinduced charge separation is the field of 

photoelectrochemical (PEC) devices. Charge transport properties of ZnO were 

investigated
(102)

, and it seems that electron has longer lifetime in this semiconductor than in 

titania
(103)

. Conductivity of nanostructured ZnO could be improved with CBD deposition of 

nanocolumnar structure. These films contain decreased number of grain boundaries, principle 

obstacle of charge transport
(104)

. A major challenge in this application field is the development 

of improved power conversion efficiency (PCE) solar cells. Grätzel cell composed of 

nanocrystalline semiconductors sintered together and in contact with an electrolyte was 

proposed as an alternative of silicon-based cells. Dye-sensitized semiconductors could 

provide a PCE over 10%
(105-106)

. The choice of the dye was investigated by many
(107-111)

. A 

novel advance was made by coating the grains of the semiconductor material (SnO2, TiO2) 

with ZnO in very thin film (5Å). The obtained efficiency improvement is explained by a 

better adsorption of dye on ZnO surface and the inhibition of recombination
(112-114)

. Recently 

hybrid polymer solar cells were introduced as the rival of CdSe material. In these thin-film 

devices inorganic (e.g. ZnO) and polymeric materials are intimately mixed as co-continuous 

phases
(115)

. 

Finally, a great objective of nanotechnology is the application of these non-radiative 

processes for the environmentally friendly, photocatalytic degradation of organic pollutants 

released upon human activities (production, consumption, waste disposal). The following 

subunits are devoted to the description of generalities, principle parameters and recent 

advances made in heterogeneous photocatalysis. 
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A - 1.3.3.1 General observations on heterogeneous photocatalysis 

Photocatalysis is a general designation for several types of reactions where solid 

semiconductor, adsorbed species (redox system) and light are in reactive contact. If the 

photoexcitation occurs on the adsorbed species, which enters into reaction afterwards with the 

catalyst, it is called catalyzed photoreaction. If the catalyst is first photoexcited, and then it 

reacts with the adsorbed species, it is named sensitized photoreaction
(116)

.  

Photocatalysed reactions are mainly carried out in aqueous solution or in wet air, because 

adsorbed water and oxygen molecules have very important role
(117)

: their presence enhance 

the probability of the reaction, though probability of recombination is still 99.99%
(118)

. 

The overall reaction can be written as 

𝑑𝑦𝑒 +  𝑂2 → 𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑠 → 𝐶𝑂2 +  𝐻2𝑂  (17) 

Special attention has to be paid to the formation of intermediates during the photocatalytic 

reaction, since these can be just as harmful, or eventually more dangerous than the starting 

dye. Therefore, the design of a cleaning up unit requires thorough investigation of the reaction 

parameters and their effect on the output. 

A - 1.3.3.2 Parameters influencing the heterogeneous photocatalysis 

Influence of the specific surface area of the catalyst 

The specific surface area is the area per unit of mass of the solid photocatalyst. Larger 

specific surface area provides more active sites for dye adsorption and therefore an increased 

probability of reaction between adsorbed species and the e
-
-h

+
 pairs. Nanoparticulate ZnO (20 

nm diameter) with high specific surface area shows higher photocatalytic activity than 

nanocrystalline ZnO particles (0.75-1.5 μm particle diameter, 20 nm grain size)
(119-120)

. 

Influence of pH in aqueous solution 

The pH has great influence on the photodegradation rate of organic dyes in aqueous solution 

because it determines the surface charge of the oxide. The point of zero charge (PZC) of ZnO 

is at pH 9-9.3. At lower pH values, the hydroxylated surface of the oxide is protonated, 

becomes positively charged. At higher pH values, the hydroxylated surface of the oxide is 

deprotonated, it will be negatively charged. Adsorption coefficient of polar or charged organic 

dyes will depend strongly on the surface charge of the catalyst. Thus, pH between 6-9 was 

reported as most favourable for the degradation of nitrophenol
(119)

 and Acid Orange
(96)

, pH 

above 9 was preferable for ethyl violet
(121)

. In the case of ZnO, photocorrosion causing the 

dissolution of ZnO in the aqueous phase occurs at acidic pH
(122)

. In fact, the photogenerated 

holes can oxidize the ZnO whose decomposition potential is located inside the semiconductor 

band gap, and at the same time, H2O2 is generated in the solution. In the absence of oxygen, 

ZnO transforms into Zn under prolonged UV illumination. However, the presence of other 

species having higher susceptibility to react with holes (degradable molecules, redox systems) 

can prevent the photooxidization of ZnO. 
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Influence of the initial concentration of pollutant 

At low initial concentration of pollutant the Langmuir-Hinshelwood model is used for the 

description of degradation kinetics. This model assumes that the reaction occurs between two 

species adsorbed at the catalyst surface and a) there is concurrence between dye and solvent 

adsorption at the available sites b) there is no concurrence between the adsorption of dye and 

the solvent molecules at the same sites. At very low initial concentration (c0 in the milimolar 

scale) both a) and b) suggestions lead to a pseudo-first order kinetic equation:  

𝑙𝑛 𝑐 𝑐0  = −𝑘′𝑡 , (18) 

where c is the actual concentration of the dye at time t and k’ is the apparent rate 

constant
(96,123)

. 

Influence of the light source 

The pseudo-first order kinetics of the photocatalytic reaction was found to change under very 

high luminous flux. The apparent reaction order decreases to 0.5 indicating an excess of 

reactive species e
-
, h

+
 and •OH. If the reaction order reaches 0, the photodegradation rate will 

depend essentially on the mass transfer. This latter was observed mainly for supported 

catalysts and/or under mild agitation
(4)

.  

Research work is being carried on the nature of light source for standardized photocatalytic 

activity test
(124)

. The two main aspects to consider are the cost efficiency (industrial point of 

view) and the modelization of sunlight (applications for open air). Useful light is in the photon 

energy range above the semiconductor band gap threshold (for ZnO Eg = 3.34). On the other 

hand, the inconvenience of too high energies (UV B, UV C) is the formation of ozone, 

harmful for people.  Photon energies below the semiconductor band gap are superfluous and 

even injurious since excessive warming up effect of red and infrared light has to be overcome 

by water cooling. For industrial use, therefore, single wavelength lamps are preferable 

(excimer or exciplex laser lamps, UV LEDs) with wavelength below the semiconductor 

absorption. For tests imitating the photocatalytic activity under sunlight, spectral light sources 

are the best, e.g. Xe lamp. 

Influence of temperature 

The photocatalytic reaction is a photoactivated process with low apparent activation enthalpy 

(some J.mol
-1

) and low enthalpy change
(4)

. It influences slightly the activity, nevertheless, 

through the adsorption of pollutants. All photocatalytic tests reported in the literature were 

performed at room temperature and without need of cooling the reaction mixture. The 

temperature was controlled only for comparison of different samples. 

Influence of quantum yield 

Quantum yield (Φ) is the number of molecules destroyed (Δn) for a number of photons 

absorbed (Na) by the reactive system: 
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𝛷 =
𝛥𝑛

𝑁𝑎
  (19) 

The number of photons emitted by the lamp can be measured by an actinometer, but the 

number of absorbed photons by the catalyst cannot be easily determined.  

Influence of the preparation mode of the catalyst 

The activity of the catalyst can change with its crystalline structure (e.g. TiO2 anatase or 

rutile
(125)

) but for ZnO, under normal conditions, only wurtzite type structure is formed. The 

synthetic procedure has an importance, however, defining the crystallinity, the particle size, 

the hydroxylated part of the surface and eventually the part of surface capped by organic 

molecules, surfactants in the reaction mixture. Impregnation of the ZnO catalyst by sulphate 

ions was found to increase the photocatalytic activity creating superacidic surface
(126)

, on the 

contrary coverage with silica or oleic acid decreased the photocatalytic activity
(127)

. Finally, 

the effect of mass transfer inside the solid catalyst, as well as the thickness of the catalyst 

layer play a role in the photocatalytic activity
(128)

. 

A - 1.3.3.3 Application of ZnO for photocatalysis 

Most applications use titania for photocatalysis, therefore it is considered as a reference 

material: the photocatalytic activity of oxides is usually compared to that of titania in similar 

structure (powder, thin film). However, the recent multiplication of papers on ZnO as 

photocatalyst (Figure 11) shows that this material will take part in new technologies.  

 
Figure 11: Number of Web of Science publications containing the name of the oxide in the 

title and “photocatalysis” in the topic. 

Photocatalytic activity of ZnO is being tested in suspension
(127)

, fixed bed
(129)

 or on solid 

support
(130)

 for the degradation of organic solvents, VOCs and various dye molecules. 

Neutral-basic pH conditions are preferable for the stability of the catalyst. The particle size is 

normally in the few tens of nanometers for high specific surface area, and heat treatment at 

300-500°C was found to be beneficial for the activity. The optimum efficiency was 

determined at ~1-5 g.L
-1

 catalyst amount and in the case of very low contaminant 
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concentrations (10
-4

 mol.L
-1

). High pressure mercury lamp, Xe lamp and other (non-specified) 

light sources were used. Several articles concluded that under certain circumstances 

(enhanced dye adsorption on ZnO, sunlight as UV source) ZnO showed better photocatalytic 

activity than TiO2 (the reference was Degussa P25 powder)
(121,131-133)

. 

 

A - 2 Sol-gel synthesis of silica, ZnO and core/shell silica/ZnO 

nanoparticles 

Sol-gel synthesis of oxide nanoparticles consists in the condensation of ions or molecules in 

solution under mild conditions (T < 300°C)
(134)

. Controlling the reaction conditions 

(concentration, acidity, temperature, nature of anions etc.), the structural, morphological and 

dimensional properties of the obtained solid can be tailored. The formation of solid phase, 

called otherwise precipitation, is actually an inorganic polycondensation starting at the 

hydrolysis of metallic ions in solution and progressing with the condensation of hydroxylated 

species. 

The role of the solvent is crucial: it stabilizes (or not) polar or ionic activated species 

appearing in the reaction mixture and by that means it defines the kinetics and direction of 

reaction. Water is one of the best known and most used solvents; it is highly polar with 

elevated dielectric constant (80.4 at 293 K)
(135)

 assuring good solvatation of dipolar species 

and ions. Ethanol is a currently used organic solvent with dielectric constant much lower than 

that of water but still high for an organic medium (24.3 at 298 K). Ethanol stabilizes ion pairs, 

not separate ions, because of its lower dissociation ability. The reaction mechanism (and the 

resulting material) can be completely different, however, under hydrothermal conditions, 

where acidity, stability and diffusion conditions are changed.  

The phenomena leading to the precipitation of solid phase are presented here briefly on the 

example of aqueous solutions. After dissolution of the salt, metallic ions are surrounded by 

water molecules and they enter into interactions with each other as far as their charge, 

electronegativity, acidity and size allow it. Monovalent metals dissociate to stable ions in 

water (M
+
). Nevertheless, cations of higher charge form aquo complexes ([𝑀(𝑂𝐻2)𝑛]𝑧+), 

which can transform into hydroxo ([𝑀(𝑂𝐻)𝑛](𝑧−𝑛)+) or oxo ([𝑀𝑂𝑛] 2𝑛−𝑧 −) complexes upon 

spontaneous loss of one or two protons. Generally, low formal charge ions (z = 1, 2; e.g. ZnII) 

polarize weakly the oxygen; they give rise to aquo complex upon dissolution. Their oxide 

immersed into the water is basic: it bonds a proton forming hydroxide. Higher charge 

elements (z = 5-7) form oxo complexes (e.g. SO3 SO4
2-

). The condensation reaction occurs 

between complexes as presented: 

𝒏𝒖𝒄𝒍𝒆𝒐𝒑𝒉𝒊𝒍𝒆 𝑎𝑡𝑡𝑎𝑐𝑘 𝑡𝑜 𝑚𝑒𝑡𝑎𝑙𝑙𝑖𝑐 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 → 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 

→ 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 + 𝒍𝒆𝒂𝒗𝒊𝒏𝒈 𝒈𝒓𝒐𝒖𝒑 

The simultaneous presence of a strong nucleophile and a good leaving ligand is therefore 

necessary in the metallic complexes to promote the initiation and propagation of 

condensation. Till each complex is in aquo or in oxo form, no precipitation occurs, because 
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water is not a strong nucleophile and O
2-

 is a bad leaving group. In this case, addition of acid 

(to oxo complex) or base (to aquo complex) is necessary for the formation of some hydroxyl 

groups, ligands that are both good nucleophiles and good leaving groups. The two typical 

reactions for precursor complexes, in which the number of ligands on the metal is maximum, 

are: 

𝑀 − 𝑂𝐻 + 𝑀 − 𝑂𝐻2 → 𝑀 − 𝑂𝐻 − 𝑀 + 𝐻2𝑂  (20) 

𝑀 − 𝑂𝐻 + 𝑀 − 𝑂𝐻 → 𝑀 − 𝑂𝐻 − 𝑀 − 𝑂𝐻 → 𝑀 − 𝑂 − 𝑀 + 𝐻2𝑂  (21) 

The first reaction is called olation, because of the formation of group –OH– named ―ol‖.  The 

second one is the reaction of oxolation. The reaction of condensation of neutral complexes 

propagates till consumption of precursor and precipitation of the solid phase. The 

electronegativity of metallic element determines whether olation or oxolation is faster. The 

condensation reaction is under kinetic control. For divalent metals, it often results in mixed 

oxyhydroxides that transform later into stable oxides under thermodynamic control. 

The size and size distribution of the obtained solid particles depend on kinetic parameters 

(formation rate of hydrolyzed cations, and nuclei and particle growth). When monodisperse 

particle formation is aimed at, the stages of nucleation and growth have to be separated in 

time and relative formation rate of nuclei has to be much higher than the formation rate of 

precursor (otherwise the concentration of precursor will exceed cmin several times during the 

reaction, and there will be more than one stage of nucleation).  

The structure of the resulting material is defined by the above kinetic parameters and 

additional characteristics of the reaction mixture (presence of ions and surfactant molecules). 

It can be a macroscopically homogeneous material like a sol (dispersed solid particles in a 

liquid) or a gel (3D oxide network enclosing the totality of liquid) or a macroscopically 

inhomogeneous one e.g. sediment.  

In a sol, particles tend to aggregate due to van der Waals forces (mainly), and their 

aggregation is thermodynamically favourable. Their kinetic stability according to DLVO 

(Derjaguin, London, Vervey, Overbeek) theory is ensured by the energy barrier provided by 

the resulting repulsive force: the sum of attractive and repulsive interactions between two 

charged particles (the surface charge being the result of multiple processes like ionization of 

surface groups, adsorption of ions, unequal dissolution etc.). The charge of oxide particles is 

mainly determined by proton or hydroxyl adsorption. There exist, therefore, a pH value of the 

aqueous sol in which the charge of the oxide surface is zero (point of zero charge , PZC). The 

stability of oxide particles is generally minimal at the PZC. 

The electric double layer model introduced by Helmholtz, and improved further by Gouy, 

Chapman and Stern allows the interpretation of electrokinetic phenomena observed in sols. 

The electric potential (Ψ) at a distance x from the particle surface can be described by the 

following expression: 

𝛹 = 𝛹𝑑𝑒−𝛫𝑥  , where   𝛫 =
2𝑒2𝑁𝑎 𝑐𝑍2

휀𝑘𝑇
  (22)  
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Ψd is the potential at the beginning of the diffuse double-layer, Κ is the reciprocal thickness of 

double layer, e is the elementary charge, Na is the Avogadro number, Z is the charge of ion 

(symmetric electrolyte), ε is the electric permittivity of the medium, k is the Boltzmann 

constant, T is the absolute temperature. The stability of the sol is therefore affected by the 

ions adsorbed, but also all electrolytes in solution, the liquid medium and the temperature. At 

room temperature, the sol is practically stable if |Ψd| > 25 mV. 

When information is needed about the particle charge and stability, the zeta potential is 

usually measured instead of the surface electric charge. There is a plane (slipping plane) at a 

distance d from the particle surface, which separates the strongly bound part of electric double 

layer from the rest. This strongly bound layer moves on with the particle if an external 

electrical force is applied to it. The potential at the slipping plane is called elecrokinetic or 

zeta-potential (ζ). The izoelectric point (IEP) is the pH for which the particle does not move in 

either directions under the effect of electric field. The zeta potential can be calculated e.g. 

using the electrophoretic mobility (µe) measurement based on Henry’s equation simplified by 

Smoluchowski for large particles (1/Κ << a): 

µ𝑒 =
𝑣

𝐸
=

휁휀

휂
 ,  (23) 

where v is the speed of the particle in an electric field E, and η is the viscosity of the liquid 

medium. The electrophoretic mobility and the zeta potential can be determined in a zetameter, 

which measures the speed of particles in the stationery plane of osmotic flow under electric 

field. For nanoparticles, the detection is assured by an optical apparatus exploiting the 

Doppler effect. 

A - 2.1  Synthesis of silica nanoparticles 

Bibliography of silica is very wide
(136-137)

, probably because silicon compounds are abundant 

in the nature, their chemistry is various and well understood. SiO2 is a cheap material, stable 

and relatively inert in a wide pH range (dissolution above pH 10), and it is not harmful to 

living organisms (except for powder inhalation that causes silicosis). Another great advantage 

is the infinite variability of structure and morphology that can be obtained in amorphous silica 

choosing proper reaction parameters in sol-gel process.  

In the industry, stable silica hydrosols can be produced by the partial neutralization of dilute 

sodium silicate solution with acids, electrodialysis or ion exchange. The obtained sols, e.g. 

LUDOX
®
 sols (used in this work) contain porous particles of narrow size distribution and 

high specific surface area. The specifications of LUDOX
®
 HS40 are presented in Table 3. 

Silica particles can be grown in alkaline medium, too. The method of Stöber et al.
(138)

 yields 

nearly spherical silica particles in alcohols with narrow size distribution by the controlled 

hydrolysis and condensation of a metalorganic precursor, e.g. tetraethyl orthosilicate (TEOS) 

catalysed by ammonia. This synthesis method is highly reproducible, and provides silica 

particles in a broad size range (10 nm - few microns) stable in sol for months. 
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Surface configuration of LUDOX
®
 HS40 average particle diameter: 12 nm 

 

silica (as SiO2) content: 40 wt% 

specific surface area: 230 m
2
.g

-1
 

pH (25°C): 9.7 

SiO2/Na2O: 95 wt% 

spec. gravity (25°C): 1.31 

Table 3: Surface configuration and specifications of LUDOX
®

 HS40 commercial silica sol 

The stability conditions of silica particles in aqueous suspension cannot be interpreted on the 

basis of DLVO theory alone
(139)

 because of the strong hydration of native silica surface. In the 

absence of other electrolyte than H
+
 or OH

-
, the silica particle is surrounded by highly 

structured hydration sphere (containing several layers of water molecules) whose thickness 

can reach 4 nm
(140)

. The structuration of the water molecules is maximal at zero surface 

charge. This is marked by a maximum in the sol stability (pH ≈ 2) (local maximum in gelation 

time). A minimum in stability is observed at around pH ≈ 6 and the stability increases in 

alkaline media, before dissolution of silica at pH > 10. The effect of electrolytes on the 

stability of silica sols was found to depend on the charge and size of ions
(141-144)

. Ion exchange 

occurs on the silica surface between protons and cations that reduces the hydration of the 

particles and by that means the kinetic stability of the sol.  

A - 2.2 Synthesis of ZnO nanoparticles 

Synthesis methods of ZnO nanoparticles in aqueous and organic media reported in the 

literature in the last two decades will be summarized. In water, the conditions of stability are 

examined, and search was focused on concentrated ZnO sol (≥ 0.1 wt%) containing tiny 

nanoparticles (few nm). In organic media, the size and shape control is detailed. The aim of 

this inquiry was to find synthesis routes for monodisperse particles of variable mean size in 

simple and ―pure‖ reactions (without additives and side-products). 

A - 2.2.1 Synthesis of ZnO nanoparticles in water 

Hydrolysis of Zn
2+

 is negligible in acidic water
(145)

. Only small amount of ZnOH
+
 and 

Zn2OH
3+

 is present. Precipitation commences in neutral region, where different solid phases 

are formed depending on the temperature, concentration of the base and aging time. The 

following phases were identified: amorphous Zn(OH)2, α-Zn(OH)2, β1-Zn(OH)2, β2-Zn(OH)2, 

γ-Zn(OH)2, δ-Zn(OH)2, ε-Zn(OH)2 and ZnO. The oxide was found to be the stable phase 

amongst all in 0.2 mol.L
-1

 KNO3 and at 25°C. In basic media, Zn(OH)4
2-

 and perhaps 

Zn2(OH)6
2-

 are formed (Figure 12). It should be mentioned that in air-saturated water 

Zn5(OH)6(CO3)2 is the stable phase at normal CO2 partial pressure. 
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Figure 12: Distribution of hydrolysis products (x,y) at 25°C in 1 mol.L

-1
electrolyte solution 

saturated with ZnO. The heavy curve is the total concentration of ZnII. The minimum is 

dashed because of the uncertainty with which the Zn(OH)2 species is known
(145)

. 

Some papers reported that ZnO particles prepared in organic medium were transferred into 

water after evaporation of the organic solvent in a rotary evaporator and resuspension of the 

white powder in water (solvent exchange)
(146-147)

. The stability of the suspensions is 

eventually helped by the addition of surfactant e.g. poly(ethyleneimide)
(148)

. Direct synthesis 

procedures of ZnO colloids in water were reported without template and with template. They 

deal with the mixing of an inorganic ZnII salt with a base typically at moderate temperature, 

and then washing, drying and annealing the powder (≥ 350°C in order to obtain ZnO). 

Reagents like ZnCl2 and ammonium carbamate
(149)

 or urea
(103)

, ZnSO4×7H2O and 

NH4HCO3
(150)

 or (NH4)2CO3
(151)

, ZnSO4×7H2O and NaOH
(152)

 and others
(82, 153-154)

 were 

chosen. The resulting powders contain large particles (20 nm - few microns diameter) of 

broad size distribution and irregular shape. Neither has been described stable ZnO colloid in 

water containing tiny nanoparticles (< 6 nm) using template molecules like poly(ethylene 

oxide68-block-methacrylic acid8) diblock copolymer
(155)

, triethanolamine
(107)

, sodium 

malate
(156)

, polyethylene glycol
(157)

 and sodium oleate
(158)

. Relatively small ZnO-Zn(OH)2 

particles (2-9 nm) could be synthesized using H2O2 as a reagent
(60)

, although during my work 

my attempts to reproduce it were in vain. Hydrogen peroxide was also useful to peptize the 

precipitate obtained in a typical aqueous synthesis, which therefore yielded 12-13 nm 

diameter particles after drying
(159)

. Hydrothermal procedures should be mentioned at last: they 

give rise to pure ZnO solid because of the much higher solubility of hydroxide under these 

special conditions, but the diameter of particles is over 10 nm and the well-crystallized 

particles are non-spherical
(81, 160)

. 

A - 2.2.2 Synthesis of ZnO nanoparticles in organic media 

The synthesis of particles with uniform size and shape requires some kind of control, 

especially when formation of tiny particles is desired. The controlling factor can be physical: 

confinement of space (droplet
(161)

, thickness of an interfacial region
(162)

) or the specific 

interaction with a template molecule in the early particle growth stage
(76, 163-164)

. The role of 

solvent can be decisive for the shape control: it has been found that anisotropic (e.g. rod-like) 

ZnO particles form in apolar solvents, while adsorption of polar solvents (alcohols) on the 
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polar (111) facets of growing crystallites favour the formation of isotropic particles
(165)

. 

Chemical control can be achieved choosing proper reaction conditions for favourable 

precursor formation, nucleation and growth kinetics. Finally, solvothermal route is an 

appropriate alternative for nearly spherical ZnO particle synthesis without any base, though it 

leads to larger particle size. 

Synthesis of ZnO nanoparticles was achieved in microemulsion
(166)

 and reverse micelles
(167-

168)
. These procedures require special precursor and/or reaction mixture composition.  

Decomposition of a metalorganic zinc compound in organic media containing template 

molecule yields tiny nanoparticles of 3-13 nm particle diameter of nearly spherical shape
(169-

177)
. Compounds currently used are bis(dicyclohehyl)zinc and diethylzinc, whose preparation 

is delicate. The reactions are mainly carried out under inert atmosphere and at high 

temperature (180-220°C). Template molecules are e.g. trioctylphosphine or one equivalent 

long alkyl-chain amine (C8, C12 or C16) in the simultaneous presence of half equivalent acid 

(C16, C12 or C8 respectively). The ZnO particles can be completely redispersed in different 

organic solvents after drying, because organic molecules adsorb on their surface. 

The controlled hydrolysis and condensation of a zinc salt in dilute alcoholic solutions is a 

suitable and well described way to produce nearly spherical and very small ZnO nanoparticles 

(few nm) showing size-quantized effect: blue shift in UV absorbance spectrum, green 

fluorescence, different solubility etc. After studies describing the use of several solvents 

(methanol, ethanol, 1-propanol, 2-methoxyethanol) and zinc salts (Zn(ClO4)2, ZnCl2, 

Zn(OAc)2×2H2O) as well as bases (Mg(OH)2, LiOH, NaOH
(178)

, KOH), three main pathways 

were settled.  

The first one, adopted later by several research groups, was introduced by Spanhel and 

Anderson
(179)

. Sol preparation was made in a two-step process. First, a precursor solution was 

prepared, the concentration of which in Zn
2+

 ions exceeded those of previous works by two 

orders of magnitudes (0.1 mol.L
-1

). Abs. ethanol was added to Zn(OAc)2×2H2O (ZAH) and 

the solution was boiled for 3 hours in a distillation apparatus as to obtain 0.3 L of condensate 

and 0.2 L of reaction mixture. The hygroscopic product was diluted to 0.5 L with fresh 

absolute ethanol. Next LiOH×H2O powder was added to it, and then the mixture (poured into 

an Erlenmeyer flask) was placed in an ultrasonic bath for 10 minutes at 0°C. Measurement 

gave pH = 9 for the point of zero charge of the colloid. The surface of the clusters was 

revealed nearly neutral for the molar ratio Li : Zn = 1.4 : 1. The abundance of lithium ions 

resulted in negatively charged clusters. ZnO colloids concentrated with rotary evaporator 

became stable syrup-like liquids (1 M) presenting primary cluster aggregation. Reaching the 

concentration of 10-15 M a secondary aggregation occurs, the gelation is complete in 1-2 

hours. This procedure was further simplified by Meulenkamp who elaborated the ―washing‖ 

of the sol by destabilization, centrifuging and redispersion of the sediment in fresh 

solvent
(180)

. He also established an experimental correlation curve between the crystallite size 

(measured by XRD) and the UV absorbance edge. Further investigations proved that the 

formed particles contain some unreacted Zn(OAc)2 and hydroxide double salts, too
(181)

. Qian 
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observed, that ultrasonication of the reaction mixture could transform all species into pure 

ZnO particles
(182)

.  

The second procedure is the synthesis of 1-4 nm diameter ZnO particles from dilute solution 

(0.001 mol.L
-1

) of zinc acetate dihydrate in methanol, using NaOH base
(183-186)

.  

Third, the research group of Spanhel reported an optimized synthesis route for concentrated 

ZnO sols in n-propanol
(187)

. A 0.5 M solution of ZAH was refluxed in n-propanol at 125°C for 

10 min. It was allowed to cool to 45°C, and then 9 mL of 2.2 M TMAH methanolic solution 

was rapidly added to it. A white precipitation formed at once but in a few minutes it dissolved 

giving rise to a clear colloid sol of ZnO.  

Attempts were made to hinder coarsening of the tiny particles by surface modification. 

Acetate ion itself inhibits the growth of particles, therefore zinc acetate is a preferred starting 

material. Organic molecules were found to block ripening
(188-191)

. Some inorganic salts were 

observed to stabilize highly concentrated ZnO sols reported by Spanhel
(187)

 (third route) by 

occupying interstitial places at the particle surface and causing partial decomposition of ZnO 

particles. Erbium acetate
(192)

 or tetra-isopropoxy titanium was added to the freshly prepared 

sol (atomic ratio Er
3+

/Zn
2+

=1:5; Ti
4+

/Zn
2+

 = 1:1), and a quantity of solvent was evaporated 

under vacuum to yield 2M sol with respect to ZnII. These sols are highly stable in time and the 

particle size seems to decrease upon salt addition. 

Finally, the review of Spanhel published in 2006 offers a resume of the state of the art 

knowledge on zinc acetate molecule hydrolysis in alcohol
(193)

. It describes the four main 

precursor clusters formed upon refluxing Zn(OAc)2 in alcoholic solution and their geometry 

that explains the shape of the obtained particles. Spherical particles are yielded by tetrahedral 

oxy-acetate (Zn4O(Ac)6) precursor, called ―basic zinc acetate‖ which is preferentially formed 

in short-chain alcohols at temperature above 50°C. 

Solvothermal ZnO synthesis in various solvents (ethanol
(194)

, diethylene glycol
(195-196)

, 

acetonitrile
(197)

) gave mostly spherical particles. The procedure of Seelig et al.
(195)

 does not 

involve autoclave as a difference to the others. It is the simple heating and seeding of ZAH 

solution (0.1 mol.L
-1

) in diethylene glycol at 160°C. The heating rate is, however an important 

reaction parameter.  

Commercial ZnO powders should be mentioned: they are available with a size range down to 

20 nm, but their size is irregular, and they are far from being monodisperse
(198)

. 

A - 2.3  The silica/ZnO system in water 

The methods for core/shell material synthesis – used previously by several research groups 

for the preparation of silica/ZnO composites – are e.g. spray drying
(199)

, impregnation
(11-12,200)

, 

surface precipitation
(202)

, sol-gel technology
(203)

 and synthesis in microemulsion. The 

researchers following the above procedures aimed at the preparation of ZnO catalyst with 

high surface area. The composite structure is preferred for the thermal stability of the high 



Part A : Literature review 

  A-2 Sol-gel synthesis of silica, ZnO and core/shell silica/ZnO nanoparticles 

35 

 

specific surface area catalyst. At temperatures above 800°C, however, the formation of 

crystalline Zn2SiO4 was observed. 

Sol-gel technology involves the seeding of the precursor solution with particles of different 

nature. The formation of the new phase can follow three mechanisms. First, the precursor 

molecules or clusters may adsorb at the surface of the particles, and the condensation 

reactions occur at the surface (heterogeneous nucleation). Second, nanoparticles may form in 

the solution by homogeneous nucleation, and adhere at the surface of seeding particles 

(heterocoagulation). In the third case, there is minimum interaction between the materials, and 

the condensation takes place independently from the seeding particles yielding a mixture of 

nanoparticles. Core/shell particles are produced in the first two cases. 

The creation of shell is usually demonstrated by TEM pictures or changes in the 

electrophoretic mobility and the PZC. 

The adsorption of hydrolysable metallic cations (FeIII, AlIII, CaII, BaII, MgII and CoII) on the 

surface of silica particles in water has been thoroughly studied by James and Healy
(204-206)

. 

Adsorption of cations becomes complete within one pH unit, but the pH of onset is not the 

PZC of silica like it is in the case of titania substrate. The electrophoretic mobility 

measurement showed three charge reversals on the silica particles. The first one was at pH = 2 

(PZC of silica), the second one within the pH unit of the cation adsorption and a third one at 

higher pH that corresponded to the PZC of pure cobalt hydroxide. They concluded that the 

electrophoretic mobility curve can be conceived from the mobility curves of the substrate and 

the precipitating hydroxide with an intermediate section where the surface is partially covered 

(Figure 13). 

 
Figure 13: Electrophoretic mobility vs. pH curves of pure and mixed systems

(205)
 

The cation adsorption on silica could be described by an improved Stern model containing 

additional terms for solvatation and chemical energy at given cation concentration knowing 

the system parameters (pH, ionic strength and dielectric constant of the solution; charge, 

radius and hydrated radius of the cation as well as its hydrolysis constants; PZC and dielectric 

constant of the substrate). This model fitted well the experimental data. An important 

consideration was that the electric field is very high in the interfacial region (~10
6
 V.cm

-1
) 

that diminishes the dielectric constant of the adsorbed water. The solubility product of oxides-
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hydroxides is consequently decreased allowing the precipitation of solid at a lower 

concentration than in the bulk phase 

The sorption of ZnII on the surface of silica gels was studied by Unger and Vydra
(207-208)

 in 

0.01 mol.L
-1

 Zn(NO3)2, 1 mol.L
-1

 NH4NO3 solutions containing ammonia. The conclusion of 

their study was that the amount of adsorbed ZnII increases linearly with surface area of silica, 

and does not depend on the pH. Their observation is valid probably for solutions, where no 

ZnO precipitation can form because of complexing ammonia.  

In conclusion, ZnII ions in water are expected to adsorb on the surface of silica particles and 

precipitate (on the surface of particles and/or in the bulk phase depending on the 

circumstances) in neutral or basic media. Higher concentration can reduce the pH of 

precipitation onset (see Figure 12). 
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Scope and limitations 

The aim of my work was to build up original multifunctional nanostructured thin layers from 

ZnO using colloidal chemistry routes. 

Scope 

Thin layers are designed for possible application as a) ultra-thin coatings with antireflectivity 

and self-cleaning property and b) active top layer of porous ceramic membrane for separation 

coupled with photocatalysis or separation coupled with chemisorption of H2S. The functional 

requirements are: 

 antireflective coating: thickness between 100-200 nm and effective refractive index of 

nearly 1.2 or gradient refractive index. The layers must be macroscopically continuous 

and homogeneous. Mechanical stability of the films is a point. 

 separative membrane: thickness of 1-2µm, mean pore size in the 2-100 nm range. The 

layer must be homogeneous, without cracks and must have a good adhesion to the 

substrate (porous alumina tube or plate). 

 photocatalytically active thin layer: high specific surface area and good stability. 

 chemisorbing thin layer: relatively high specific surface area for complete transition of 

ZnO into ZnS and sufficient stability of the structure. Increase in particle size and 

decrease in porosity during the operation and regeneration processes are to be avoided 

(supported ZnO is preferred). 

Limitations 

LB method was employed for the fabrication of antireflective coatings. In order to obtain LB 

films with well-defined structure, the presursor sols must contain nearly monodisperse 

population of spherical particles with mean particle diameter in the range of 1-200 nm. 

„Clean‖ preparation reactions are preferred avoiding the presence of multiple reagents, and 

organic media is needed for the spreading of the sol. Surface chemistry of the particles is not 

insignificant. It should allow the formation of compact monoparticulate layer at the air-water 

interface without the particles forming aggregates or leaving the interface.  

Active top layers for separative membranes were to be elaborated by the dip technique (dip 

coating, slip casting). The limitations of this method are the use of a viscous, preferably 

aqueous precursor sol with high oxide content (~10 vol%). When mesophase templating is 

applied, the diameter of the oxide particles must be less than 5 nm. 

 

After elaboration of precursor sols and optimisation of thin layer deposition with regard to 

the above scopes and limitations, my goal was to characterize the structural and functional 

properties of the fabricated thin layers. 
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Part B : Experimental 

 

In this section of my thesis, I describe the experimental procedures adopted for the 

preparation of multifunctional thin layers. Both separative membranes and optical thin layers 

should be homogeneous and crack-free. Colloidal chemistry routes can provide good quality 

thin layers with controllable thickness, well-defined porous texture and tunable refractive 

index.  The steps of the fabrication are: synthesis of particles in organic or aqueous media, 

preparation of monoparticulate films at the air-water interface (only for LB technique) and 

preparation of solid supported films (Langmuir-Blodgett technique, dip coating and slip 

casting). The crystallinity, size distribution, porosity of nanoparticles has been investigated 

both in the reaction media and after drying. The structural and optical properties of 

monoparticulate films at the air-water interface were studied in a Wilhelmy film balance. 

Structural and functional characteristics of solid supported films were explored by various 

techniques. 

First, the specification of used materials and devices is listed. 

Materials 

Synthesis of particles and precursor sols 

Abs. Ethanol (>99.7%, a.r., Reanal (HU) and RPE, ACS for analysis, Carlo Erba (FR)) 

Diethylene glycol (DEG, purum, >99% Reanal) 

Distilled water 

n-Heptane (≥ 99%, GC, Merck) 

Hexane (for synthesis, ~96%, Merck)  

Chloroform (ultra-resi analyzed, >99.8%, Baker) 

Zinc acetate dihydrate (ZAH, 98%, A.C.S. reagent, Aldrich (HU) and puriss. p.a., 

Fluka (FR)) 

Lithium hydroxide (>99% Sigmaultra, Aldrich) 

Ammonia (25% aqueous solution a.r., Reanal (HU) and 28% aqueous solution, for 

analysis, SDS (FR)) 

Tetraethyl orthosilicate (TEOS, >98% GC, Merck (HU) and 98%, GC, Aldrich (FR)) 

LUDOX® HS40 silica sol (mean particle size: 12 nm, SiO2/Na2O by wt: 95) 

Hydrochloric acid (37%, a.r., Normapur) 

3-Aminopropylmethyl(diethoxy)silane (ASIL, purum, ≥ 97%, GC, Fluka)  

Methoxytrimethylsilane (MSIL, purum, ≥ 97%, GC, Fluka)  

Arachidic acid (AA, 99%, Aldrich) 
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3-Methacryloxypropyl(trimethoxy)silane (MTS, >98%, Sigma) 

Polyvinyl alcohol (PVA 4-88, Fluka) 

Glycerol (ACS, 99.5+%, Alfa Aesar) 

Ethylene glycol (pure for synthesis, SDS) 

P123 ((ethylene oxide)20-(propylene oxide)70-(ethylene oxide)20, BASF) 

F127 ((ethylene oxide)106-(propylene oxide)70-(ethylene oxide)106, BASF) 

Hydroxyethyl-cellulose (HEC) 

Polyethyleneglycol 6000 (PEG, Prolabo) 

Cellulose based dialysis membrane (MEDICELL Int. Ltd. Dialysis Tubing Visking, 

size 7, D 23.8 mm, MWCO 12-14.000 Daltons) 

Synthesis of Langmuir films 

Millipore water (18.2 MΩcm, Millipore Simplicity 185) 

Synthesis of solid supported films 

Microscope glass slides (Menzel-Gläser for optical thin layers) 

Silicon slide (n-type, 111 orientation) 

Sulphuric acid (96%, ISO-for analysis, Carlo-Erba) 

Hydrogen peroxide (30% in aqueous solution, puriss., Reanal) 

Chromic-sulphuric acid (Reanal) 

Hydrogen fluoride (40% a.r, Reanal) 

Asymmetric tubular alumina supports (length 200 mm; internal diameter 7 mm; 200 

nm pore-sized top layer) 

Macroporous alumina disks (diameter 4.7 cm, average pore size 1.8 µm) 

Formvar coated copper grid (Sigma Chemical Co.) 

Zeta potential measurements 

potassium nitrate (for analysis, LABOSI) 

nitric acid (69.5%, for analysis, SDS) 

potassium hydroxide (puriss. p.a., Fluka) 

Membrane permeability measurements 

Polyethylene glycols of 10, 20 and 35 kDa (Fluka)  

Dextran 71 kDa (Fluka) 

Photocatalytic and chemisorptions tests 

Methyl orange (MO, spec., Reanal) 

Methylene blue (MB, Fluka) 

Stearic acid (C17H35COOH, SA, puriss., ~99% GC, Fluka) 

Methanol (pure for analysis, SDS) 

SCRINTEC 901 RTV-1k Silicon rubber 

H2S gas (Alphagas) 
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Instruments 

Preparation of solid supported films 

Substrate withdrawal apparatus for LB film preparation (home-made, computer 

controlled) 

Dip coating apparatus (Dip Master 201, Chemat Technology Inc.) 

Characterization of particles and solid supported films 

Transmission electron microscope (TEM, JEOL JEM-100 CXII (HU)) 

Scanning electron microscope (SEM, HITACHI S-4500 (FR) and SEM/EDX 

apparatus (FEI Quanta 200FEG (FR)) 

X-ray diffractometer (XRD, Philips, X’pert (HU) and PanAlytical X’Pert-Pro (FR)) 

Small angle X-ray scattering device (SAXS, home made, Seifert-type X-ray generator, 

MBRAUN multichannel detector (HU)) 

Thermogravimetric analysator (TGA/DTG, Universal V2.3C TA Instruments (HU) 

and TA Instruments (FR)) 

Luminescence Spectrometer (Perkin Elmer LS 50B (HU)) 

UV-Visible Spectrophotometer (Agilent 8453 (HU)) 

Ellipsometric porosimeter (EP, Plasmos SD2300 ellipsometer fitted with a home-

made controllable vapour pressure cell (FR)) 

Spectroscopic ellipsometer (Horiba Jobin Yvon MM-16 (FR)) 

X-ray reflectometer (XRR, D5000 Brocker (FR)) 

Dynamic light scattering instrument (DLS, Innova 170 C-2 laser, BTC 

photonmultiplier (HU), AMTEC SM200 goniometer and SEMATECH RTG correlator 

(FR)) 

H2O and N2 ads./des. (Quantachrome Instruments Hydrosorb 1000 3.14 (HU) and 

Micromeritics, ASAP 2010) 

Characterization of Langmuir films (HU) 

Wilhelmy film balance (home-made, two Wilhelmy-plate forcemeters: FM1 (home-

made) with platinum plate and FM2 (NIMA PS4) with paper plate cut from 

Whatmans Chr1 chromatography paper) 

Brewster-angle microscope (BAM, home made, Melles Griot 17 mV plane-polarized 

He-Ne laser (λ = 632,8 nm), CCD detector SDT 1801) 

Scaning angle reflectometer (SAR, home made, Melles Griot 17 mV plane-polarized 

He-Ne laser (λ = 632,8 nm), Si photodiode detector PD200 Edmund Industrial Optics) 

Zeta potential measurements 

Zetameter (Coulter Delsa 440 (FR)) 

Membrane permeability measurements 

Tangential filtration device (home-made (FR)) 
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Photocatalytic tests 

Polychromatic UV source (UV1, Fusion UV Systems Inc. bulb lamp type D, 

irradiance of 280Wm
−2

(measured with an UV radiometer (UVICURE, EIT)), 

maximum emission at 380 nm (FR); UV2, Philips Cleo type, 4×15W, irradiance of 

35Wm
−2

(FR), max. at 350 nm; UV3, Philips, CleoHPa 400W, max. at 350 nm (HU)) 

UV-Vis spectrometer (UVIKON 923, Kontron Instruments (FR)) 

Fourier transform infrared spectrometer (FTIR, ThermoNicolet Nexus)

 

 

B - 1 Synthesis, processing and characterization of silica, ZnO and 

core/shell silica/ZnO particles 

Langmuir-Blodgett film deposition technique requires high purity precursor sols containing 

particles of uniform size and shape. Uniform size and shape can be provided by proper 

synthesis method, purity may be processed afterwards. 

B - 1.1  Synthesis of sols 

Four synthesis procedures were used: one for the preparation of spherical silica nanoparticles 

in ethanol, two for the tailoring of nearly spherical ZnO nanoparticles in organic media and, at 

last, an original route has been elaborated to obtain core/shell silica/ZnO nanoparticles in 

water. Procedures described in the literature were followed for the first three preparations. 

B - 1.1.1 Synthesis of Stöber silica particles in ethanol
(138)

 

Stöber silica particles of 37 nm, 96 nm and 100 nm were synthesized for LB film preparation 

(Table 4). Ammonia was mixed to absolute ethanol under vigorous stirring. After 

homogeneisation, an amount of TEOS was quickly added and allowed to react for 24 hours. 

Then ammonia was eliminated heating the silica sol to 60°C for several hours. The obtained 

ethanolic sols had solid content of 10-16 mg.mL
-1

 (1-1.5 wt%, 0.5-0.77 V/V%) and were 

stable for several months at room temperature. Larger silica particles (~400 nm mean 

diameter) were synthesized for electrophoretic mobility measurement. In this case, an amount 

of water was mixed to the basic ethanol solution before addition of TEOS (Table 4).  

Particles used for 
Mean diameter (from 

TEM) and labelling 

Molar ratio of reagents 

TEOS Water Ammonia Ethanol 

LB film preparation 

37 nm (S37) 

96 nm (S96) 

100 nm (S100) 

1 8.37-12.10 2.95-4.29 117.86 

electrophoretic 

mobility measurement 
~400 nm (S400) 1 35.71 5.36 93.93 

Table 4: Destination, mean diameter, labelling and synthesis parameters of Stöber silica 

particles. 
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B - 1.1.2  Synthesis of ZnO particles in organic media 

Two fabrication procedures were chosen from the literature in order to synthesize ZnO 

particles in a relatively large size range.  

The first one was elaborated by Spanhel and Anderson
(179)

 and simplified later by 

Meulenkamp
(180)

. It is a two-step reaction. First, zinc acetate dihydrate is dissolved in boiling 

absolute ethanol and then cooled to 0°C. A white powder (anhydrous zinc acetate) forms in 

the flask. Second, lithium hydroxide monohydrate dissolved in ethanol by ultrasonication is 

added drop by drop to the cold ZnII solution. The temperature of the reaction mixture is kept 

under 4°C for the whole reaction time and for storage. This transparent sol is stable for 

several months. The overall reaction is: 

𝑍𝑛(𝐶𝐻3𝐶𝑂𝑂)2 + 2𝐿𝑖𝑂𝐻 → 𝑍𝑛𝑂 + 2𝐿𝑖 𝐶𝐻3𝐶𝑂𝑂 + 𝐻2𝑂 

Since water content plays an important role in the particle growth mechanism, a moisture trap 

with CaCl2 is applied to the refrigerant. Particulars of the reaction and the final solid content 

of the sol are presented in Table 5. 

Synthesis by the 

method of 

Mean particle 

diameter (TEM) 

and labelling 

Reaction parameters 
Resulting solid content of sols 

mg.mL
-1

 wt% V/V% 

Meulenkamp
(180)

 3-6 nm (Z3) 
0.005 mol ZAH in 50 mL ethanol + 

0.07 mol LiOH in 50 mL ethanol 
4.07 0.407 0.072 

Meulenkamp 

modified, 

concentrated
(180)

 

3-6 nm (Z3m) 

 

 

3-6 nm (Z3mc) 

0.005 mol ZAH in 70 mL ethanol + 

0.07 mol LiOH in 30 mL ethanol, 

argon atmosphere  

evaporation of ~2/3 of solvent 

4.07 

 

 

~12.2 

0.407 

 

 

~1.22 

0.072 

 

 

~0.216 

Seelig
(195)

 

110 nm (Z110) 

172 nm (Z172) 

225 nm (Z225) 

267 nm (Z267) 

360 nm (Z360) 

410 nm (Z410) 

0.01 mol ZAH in 100 mL DEG +  

5-50 mL of supernatant 
5.3-7.8 

0.474-

0.698 

0.094-

0.138 

Table 5: Author, mean particle diameter, labelling, synthesis parameters and solid content of 

ZnO organosols. 

Seelig et al.
(195)

 described the preparation of monodisperse ZnO spheres in two reactions. In 

the first reaction zinc acetate dihydrate was heated to 160°C in diethylene glycol. A white, 

polydisperse slurry was formed after one hour, which was centrifuged. The supernatant of the 

first reaction was saved and an amount added to a second (identical) reaction in the heating 

step, when 150°C was reached. The particle size and size distribution of the sol obtained 

depended essentially on the heating rate and the temperature drop caused by the addition of a 

given amount of supernatant (Table 5). These sols were stable at room temperature, though 

slow sedimentation was observed. The overall reaction was: 

𝑍𝑛(𝐶𝐻3𝐶𝑂𝑂)2 + 𝐻2𝑂 → 𝑍𝑛𝑂 + 2𝐶𝐻3𝐶𝑂𝑂𝐻 
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Again, water content of the reaction mixture was controlled by a CaCl2 trap in order to avoid 

moisture other than the water of crystallization of the zinc salt and the water content of the 

solvent (max. 0.3%).  

B - 1.1.3  Synthesis of core/shell silica/ZnO particles in aqueous medium 

Ludox® HS40 (40 w% SiO2; 0.41 w% Na2O; average particle diameter = 12 nm) was 

acidified (pH = 2.0) with 1 mol.L
-1

 HCl and left under stirring for 30 min. A concentrated 

aqueous solution of zinc acetate dihydrate was then slowly added under vigorous stirring. The 

change in pH observed during the reaction is presented in Figure 14.  

 
Figure 14: Evolution of pH during addition of ZnII solution into the acidified Ludox silica sol. 

The reagent contents in the final sol were 0.13 g.mL
−1

 of silica (2 M) and 0.22 g.mL
−1

 of zinc 

acetate (1.13 M). Assuming a complete hydrolysis and condensation of the ZnII salt into ZnO, 

the weight, molar and volume ratios ZnO/(ZnO+SiO2) would be 0.43, 0.35 and 0.22, 

respectively. Considering a dense ZnO layer on the silica nanoparticles, the expected shell 

thickness is 1 nm. Reaction parameters and overall solid content of the aqueous core/shell 

silica/ZnO sol are shown in Table 6. 

Mean particle diameter 

(from SEM) and labelling 
Reaction parameters 

Resulting solid content of sols 

mg.mL
-1

 wt% V/V% 

20-40 nm (CS) 
20 mL Ludox sol + 5 mL 1M HCl + 

0.096 mol ZAH in 60 mL water 
350 26.9 9.8 

Table 6: Mean particle diameter, labelling, reaction parameters and overall solid content of 

aqueous core/shell silica/ZnO sol. 

B - 1.2  Processing of sols 

Filtering, cleaning up, solvent exchange and/or dissolution of additives were performed on 

native sols in order to prepare precursor sols for film deposition. 

 

B - 1.2.1 Preparation of spreading sols for LB film deposition 
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B - 1.2.1.1 Spreading sols of Stöber silica particles 

The ethanolic sol of Stöber silica particles contains only silica and ethanol after complete 

driving out of ammonia.  Spreading mixture was prepared by mixing the ethanolic sol with 

chloroform in 1 : 2 volume ratio
(32)

.   

B - 1.2.1.2 Spreading sols of ZnO particles 

Washing of sample Z3 

Based on the experiments of Meulenkamp
(180)

, 10 mL of sample Z3 was destabilized by the 

addition of 20 mL n-heptane. The particles were centrifuged with 1100 rpm for 10 minutes, 

and then redispersed in 5 mL of ethanol. Then 15 mL of n-heptane was added to destabilize 

the sol a second time, followed by centrifuging (1900 rpm for 10 minutes) and redispersion of 

the particles in an amount of ethanol. The resulting sample was named Z3W. 

Dialysis of sample Z3 

An aliquot of sample Z3 was poured in a cellulose-based dialysis membrane previously 

soaked in ethanol. The tubing was sealed and immersed into pure ethanol. Two days later the 

sample was withdrawn and put into fresh ethanol. After 5 min. of ultrasonication the tubing 

was left in ethanol for two more days. Finally, the sample was collected after redispersion of 

the particles by ultrasonication. The resulting sample was called Z3D. 

Solvent exchange of samples Z172-Z410 

4×10-15 mL aliquots of samples Z172-Z410 were poured into centrifuging tubes. They were 

centrifuged for 60-120 min. with 4200 rpm. The supernatant was separated and the particles 

redispersed in 5 mL of chloroform. 

Preparation of spreading liquid of samples Z 

ZnO organosols were mixed with chloroform in 1 : 1 volume ratio, except for those 

transferred into chloroform (used without addition of other solvent). Surface modification of 

particles Z3 and Z110 was achieved by adding an amount of MSIL, ASIL or AA dissolved in 

chloroform into the spreading liquid. The samples containing AA were named according to 

the wt% of surfactant added to the ZnO mass in the sol: Z3-A5, Z3-A10, Z3-A20, Z110-A1, 

Z110-A2.5, Z110-A5 and Z110-A10. 

Preparation of mixed spreading liquids of Z110 and S96 particles 

The ZnO and silica particles of nearly the same size were mixed in different proportions. The 

ratio of ZnO particles over silica particles was estimated using ρSiO2 = 2.06 g.cm
-3(209)

 density 

data and ρp,ZnO= 2.77 g.cm
-3

 (density measurement of Z172). The six mixtures were named 

R17, R10, R3, R1.6, R0.8 and R0.25 according to the number ratio of ZnO particles to silica 

particles. Equal volume of chloroform was added to the mixture of particles in their original 

media (S96 particles in ethanol and Z110 particles in DEG). 
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B - 1.2.2 Preparation of precursor sols for dip coating and slip casting 

The modified and concentrated Z3m and Z3mc sol was added 67wt% of P123 triblock 

copolymer (calculated for the solid content)
(210)

. The precursor sol was left under stirring for 

homogenization before deposition. 

The freshly prepared CS sol was filtered on paper, and then passed on hydrophilic microfilter 

(pore size: 0.45 µm) and organic binders were added to it (0.15 wt.% of the solid content, 

with 87% PVA, 8.7% glycerol and 4.3% ethylene glycol). The precursor sol was left under 

slow stirring for homogenization before deposition. 

B - 1.3  Characterization of sols 

TEM pictures of samples Z3-410 and S37-100 were taken from particles spread at the air-

water interface. The sample holder was Formvar coated copper grid. Mean particle diameter 

and size distribution functions of each sample were determined measuring the diameter of 

nearly 200 particles (except for sample Z3, because of insufficient magnification).  

Solid content of sols was determined on 3×1000 μL ± 20 μL samples dried at ambient 

atmosphere at 120°C for 3 hours. 

SAXS and XRD measurement were performed on a concentrated sample Z3W (second 

redispersion in ~1.5 mL of ethanol). The used X-ray wavelength was λ(Cu Kα) for both. The 

sample was filled in a capillary inserted into a goniometer sample holder. Logarithm of SAXS 

relative intensity curve vs. the square of scattering vector was fitted with a straight line 

according to Guinier’s approach (Figure 15). The Guinier radius of sample Z3W and size 

distribution function could be evaluated. XRD gave information about the crystallinity and 

mean crystallite size (using Scherrer’s formula) of the same sample. 

 
Figure 15: Evaluation of SAXS curve by the Guinier method. 

DLS measurements were carried out on native sample Z3 on the days after the preparation. 

17-day-old Z3 sol was measured upon addition of equivalent volume of chloroform and/or 5 

wt% (of the ZnO content) AA surfactant. A diluted CS sample (2.6-fold dilution), whose 

original pH was 5.7, was acidified, and aliquots of it were saved at pH 5.6, 5.5, 5.24, 5.00, 

4.50 and 4.00.  After some minutes of vigorous stirring, the samples were left to ripen for two 
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days, than DLS measurement took place (samples were iridescents except for pH = 5.6, which 

was white). Stability of CS precursor was studied as a function of the nature and quantity of 

organic binder. Destabilization was observed visually (whitening, sedimentation, demixion). 

UV-visible spectroscopy monitored the early particle growth of sample Z3. The calibration 

curve reported by Meulenkamp
(180)

 and the Brus equation
(211)

 established a relation between 

the band edge seen in the spectrum and the mean particle diameter. Meulenkamp plotted 

crystallite size (determined from peak broadening in the X-ray diffractogram) versus the 

wavelength of the absorption edge inflection point (UV-Vis measurement at the same time). 

The equation of Brus applied for monodisperse colloids
(212)

: 

𝐸𝑔
∗ ≅ 𝐸𝑔,𝑏𝑢𝑙𝑘 +

ħ2𝜋2

2𝑒𝑟2
 

1

𝑚𝑒𝑚0
+

1

𝑚𝑚0
 −

1.8𝑒

4𝜋휀휀0𝑟
−

0.124𝑒3

ħ2(4𝜋휀휀0)2
(

1

𝑚𝑒𝑚0
+

1

𝑚𝑚0
)−1,  (24) 

where 𝐸𝑔
∗ is the band gap energy of size quantized particles, 𝐸𝑔 ,𝑏𝑢𝑙𝑘  is the bulk band gap 

energy of ZnO, ħ is Planck’s constant (1.05457×10
-34

 J.s), r is the particle radius, me is the 

electron effective mass (0.26), mh is the hole effective mass (0.59), m0 is free electron mass 

(9.109×10
-31

 kg), e is the charge on the electron (1.602×10
-19

 C), ε is the relative permittivity 

(8.656), and ε0 is the permittivity of free space (8.854×10
-12

 J
-1

.C
2
.m

-1
)
(184, 212)

. 100 µL of the 

sol was diluted to 5 mL prior to the measurement. 

Fluorescence excitation and emission spectra of Z3 sol was taken on the days after the 

preparation. The sample was measured at fifty-fold dilution. Excitation spectrum parameters 

were: 250-400 nm, detection at 560 nm, high-pass optical filter before detector (515 nm), scan 

speed 200 nm/min. Emission spectrum parameters were: 320-850 nm, excitation at 266 nm, 

high-pass optical filter before detector (290 nm), scan speed 200 nm/min. 

The particle size of sample CS was estimated according to SEM pictures. The sol was diluted 

and dropped on the surface of thin Al sheet, followed by drying at room temperature.

 

B - 2 Preparation and characterization of thin films at the air-water 

interface 

The preparation and in-situ characterization of nanoparticulate thin layers at the air-water 

interface (Langmuir films) was achieved in a Wilhelmy film balance. Langmuir films were 

characterized with surface pressure (Π) vs. surface area (A) isotherms recorded by two 

different forcemeters, Brewster angle microscopy and scanning angle reflectometry. 

B - 2.1  Preparation of Langmuir films 

The Wilhelmy trough (width×depth of 10cm×23.5cm and height of 4 cm, Figure 16) was 

thoroughly cleaned up before each series of experiments using ethanol, chloroform and finally 

Millipore water. The trough was filled with Millipore water whose surface was cleaned. After 

calibration of the forcemeter, the surface pressure – surface area isotherm of clean water was 

recorded upon compression of the water surface area from maximum size to 40 cm
2
. If no 
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deviation found from zero surface pressure, the barrier was positioned again to zero, and 

particles (kept in ultrasonic bath for 1 minute right before) were spread on the surface of 

water from the spreading sol. After five minutes (complete evaporation of solvent), the Π-A 

isotherm of the particulate film was recorded at barrier speed of 33.2 cm
2
.min

-1
. 

 
Figure 16 : Wilhelmy film balance trough used for LB experiments. 

The compression was carried out by a continuously moving barrier under computer control. 

FM1 measured the force by a narrow wire embedded in a flexible polymer stamp (Figure 

17a)
(32)

. The change in the resistance upon strain was measured by a galvanometer; the signal 

being further recorded by a computer. A platinum Wilhelmy plate was hanged on the 

forcemeter.  

 
Figure 17: Sketch of forcemeters a) FM1 and b) FM2 (NIMA PS4)

(213) 

The platinum surface was rough to ensure contact wetting, and should be cleaned in a flame 

before each measurement. FM2 used a taut band moving coil meter and worked by directly 

measuring the force required to suspend a plate at the liquid-gas interface (Figure 17b)
(213)

. A 

diode illuminated the moving coil of the meter (to which the Wilhelmy plate was attached). 

The reflection from the edge of the coil fell on two detectors and the control electronics held 

the arm so that the shadow falling on each detector always be the same. Hence the arm 

remained at a constant position under different loads. The force required to hold the arm at its 

―balance‖ position was read off by measuring the current through the coil. Surface pressure 

a b 
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data were collected by a computer. Paper plates were cleaned under Millipore water-jet before 

each measurement. 

B - 2.2  Characterization of Langmuir films 

Langmuir films were characterized by in-situ techniques like surface pressure (Π) - surface 

area (A) isotherm recording, Brewster angle microscopy and scanning angle reflectometry as 

well as an ex-situ technique: transmission electron microscopy. 

TEM samples were taken on Formvar coated copper grid at different composition and 

compression of the Langmuir film. The grid was immersed into the subphase in vertical 

position and withdrawn in horizontal position with a spooning movement. 

Observations were made on the cohesivity of the Langmuir films with the naked eye and by 

Π-A isotherms recorded during the repeated compression-decompression of the films. The 

collapse mechanism (mainly folding) was observed with eyes. The change of surface pressure 

during the decompression of the films reveals whether the particles remain at the air-water 

interface (the decompression isotherm is the same than the compression isotherm), or they 

quit it irreversibly (rapid falling of the surface pressure value upon decompression). 

Anomalous behaviour (surface pressure not decreasing, or even increasing upon 

decompression) is the characteristics of cohesive films.  

Evaluation of the Π-A isotherms was done by the determination of contact surface area of 

particles (AK). The area occupied by one single particle in the Langmuir film (A1) could be 

calculated by: 

𝐴1 =
𝐴𝐾

𝑁
     and     𝑁 =

𝑚/𝜌

𝑑3    𝜋/6
,  (25-26) 

where N is the number of particles forming the Langmuir film, m is the mass of oxide 

particles spread (can be obtained from the solid content of spreading sol), ρ is the density of 

particles and 𝑑3    is the average particle volume (can be obtained from the size distribution 

function). In the case of tiny Z3 particles, ρ can be supposed to equal the bulk value (2.65 

g.cm
3
) since each particle was found to be a single crystallite

(214)
. In the case of larger ZnO 

particles, the density measured for Z172 with a pycnometer was used for the calculations 

(2.77 g.cm
3
). If particles form hexagonal close packed structure upon compression, the area 

occupied theoretically by one single particle can be expressed by the area of a hexagon 

including the particle: 

𝐴𝐻,1 =
 3

2
𝑑2     (27) 

This expression was used to correlate the effective refractive index of the particles and the LB 

monolayers and to calculate the water contact angle of Z172, Z267 and Z410 particles from 

the non-dissipative part of Π-A isotherms using Eqs. 5-6. The contact angle obtained from 

these expressions depends linearly on the spread amount of particles because of the existence 

of gradient surface pressure in the Langmuir film. The characteristic water contact angle was 

therefore determined by the extrapolation of this linear relation to zero amount of particles
(40)

.  
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AK values were plotted against the spread amount of ZnO and fitted with a straight line 

passing through zero. The slope of the straight is called the spreading ability of the sol sample 

(surface covered by the spreading of 1 mL sol sample, [cm
2
.mL

-1
]) or coating ability of the 

particles (surface covered by the spreading of 1 mg of particles, [cm
2
.mg

-1
]) 

For Brewster angle microscopy measurement (Figure 18), the surface of water in the 

Wilhelmy trough was illuminated with a p-polarized laser beam. The angle of incidence was 

the Brewster angle of pure water (53.1°). A Langmuir film was prepared and the reflections 

arriving from its surface into a CCD camera were monitored and videotaped. Long-scale 

structure of the particulate films was studied and compared. Surface pressure – surface area 

isotherm was recorded at the same time.  

 
Figure 18: Sketch of Brewster angle microscope. 

SAR apparatus differs from BAM presented in Figure 18 by the detector nature. A silicon 

photodiode detector replaced the camera for the detection of reflected light intensity as a 

function of the angle of incidence. SAR investigations were performed in the evening hours to 

avoid water surface resonance. After compressing the particles at the air-water interface in 

order to obtain a compact Langmuir film (Π = 1-3 mN/m), the barrier was stopped, and the 

SAR measurement took place. The angle of incidence was changed by steps of 0.1° in the 

range between 50° and 58°. Data were collected at a given angle 5 seconds after the stepper 

motor stopped. Again, this was important to eliminate the surface resonance effect. Each data 

point was the mean of ten measurements. Knowing the reflectance curve of pure water surface 

(R) from wave optics
(32)

, the transformation of reflected intensity to reflectance curve was 

achieved fitting the measured water surface curve with the following function of three 

parameters: 

𝐼 = 𝑎𝑅 휃 + 𝑏 + 𝑐 , (28) 
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where a is the intensity factor, b is the correction term for angle positioning and c is an 

additive term for the interpretation of scattered light and error of detection. The intensity 

curves obtained for the Langmuir films were thereby converted into reflectance curves using 

the above parameters of the apparatus. Reflectance curves were evaluated using the hexagonal 

model. Parameters of this model are: particle refractive index (np,eff), distance of particle 

centres (D, assumed to be d in this case), particle diameter (d, layer thickness) and immersion 

ratio (h/d). Starting value of particle refractive index computation is the RI evaluated from the 

intersection of water and layer reflectance curve by the homogeneous layer model (App. III).                                         

 

B - 3  Preparation and characterization of solid supported films 

Thin films were prepared on solid substrates (glass, quartz, silicon, porous ceramic plates and 

tubes) by dip coating and Langmuir-Blodgett techniques, and characterized further by various 

techniques to get information about the structure, cristallinity and functional properties.  

B - 3.1  Preparation of solid supported films 

The preparation of thin layers by wet chemistry routes involves the optimisation of numerous 

parameters (e.g. composition of precursor sol (described earlier), preparation of the substrate 

or the relative humidity of drying chamber). Here optimised conditions will be presented with 

the range of examination. 

B - 3.1.1 Preparation of solid supported films by LB technique 

Mono- and multilayared LB films were prepared in a Wilhelmy film balance in a process very 

similar to Langmuir film preparation. Substrates were thoroughly cleaned before used. The 

glass slides and quartz substrates were immersed into persulphuric or chromic-sulphuric acid 

for 1 hour then rinsed with distilled water, ethanol and, finally, dried at room temperature. 

The silicon wafers were immersed into 2% aqueous HF solution for 30 seconds to remove the 

native oxide layer then washed with distilled water, ethanol and finally, dried at room 

temperature. The clean substrate was immersed into the water of film balance after the 

verification of the water surface cleanliness. The withdrawal of the substrate was started 

during the compression: at 1-3 mN/m surface pressure for samples Z and at ~5 mN/m for 

samples S. The withdrawal speed was always 1.6 cm.min
-1

 while the speed of compression 

was chosen according to the size (width) of the substrate (1.6-1.8 cm.min
-1

). Multilayers were 

prepared by repeating the same process after drying the sample for 20 minutes at room 

temperature. The films were finally dried at 105°C for 1 h. 

Mono- and multilayered ZnO LB films were denominated by using a general formula of 

F(particle type)(number of layers) showing the particle size and the number of layers in the film 

(e.g. a four-layer film of 110 nm diameter ZnO particles was noted FZ1104). The number of 

layers is not necessarily shown in the case of monolayers.  

Complex LB films were built up by alternate deposition of ZnO and silica layers. The 

schematic structure and the sample names are presented in Figure 19. Z3 and S37 particles 
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were used for the preparation of samples F6/a-c and F9/a-c. Sample FSz was formed with Z3 

and S96 particles, and films F2/a-c were built up using Z110 and S96 particles. 

 
Figure 19: Complex LB films prepared from silica and ZnO nanoparticles. The number of 

layers in the film is given first in the sample name. The second symbol refers to the 

arrangement of the layers: “a” means that the proportion of ZnO (orange spheres) increases 

from the substrate towards the air, “b” is for alternate sequence of silica (blue spheres) and 

ZnO, “c” denotes decreasing ZnO proportion from the substrate towards the air. F6/a-c and 

F9/a-c samples contain Z3 and S37 particles, FSz film contains Z3 and S96 particles and 

F2/a-c samples contain Z110 and S96 particles. 

Additional LB films were obtained from silica particles in order to have blanks in 

photocatalytic tests and mechanical stability measurements: monolayer of S96 (FS96) and S100 

(FS100), two and three layers of S37 (FS372 and FS373). 

Mixed LB monolayers of S96 and Z110 particles were prepared from the related spreading 

sols. The films were labelled e.g. FR3. 

Surface modification of LB films 

Three methods of surface modification were applied in this study. First, the thermal treatment 

of samples FZ225 at 105°C, 300°C and 500°C for 1 hour was realized. Samples were labelled 

FZ225105, FZ225300 and FZ225500. 

Second, the whole ZnO surface was covered with a fine silica film according to the procedure 

of Klotz et al.
 (215)

. Their idea was to carry out hydrolysis and condensation of an alkoxy-

silane in the presence of nanoparticles. In my work, the films were dipped into a 10
-1

 M and 

10
-2

 M solution of TEOS in methanol for 1 min. Withdrawal speed was 1.6 cm.min
-1

, and 

films were dried at 105°C. Samples were labelled FZ110T1 and respectively FZ110T2. 
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A third idea was to develop -O-Si-O-Si-O- bridges between the ZnO particles and between 

the particles and the glass substrate providing an improved mechanical and chemical stability 

of the coating. The procedure used was based upon the work of Rohe et al.
(216)

 who described 

this surface modification procedure for ZnO sols: covalent bonds were formed under UV 

irradiation between ZnO particles dispersed in water, whose surface was previously coated 

with MTS (3-methacryloxypropyl(trimethoxy)silane). LB films were dipped for 1 min. into a 

1 vol% solution of MTS in hexane, followed by irradiation for 1 or 15 min. under UV light 

(400 W) in the presence of water vapours (samples kept above a beaker containing hot water 

during the irradiation). Samples were named according to the irradiation time (e.g. FZ225M1 or 

FZ110M15). 

B - 3.1.2 Preparation of solid supported films by dip coating and slip casting 

Coatings of 1 to 5 layers on glass substrate were realized from precursor sols Z3m and Z3mc 

in a dip coating apparatus. The speed of withdrawal was 20 cm.min
-1

. Each layer was 

stabilized at 150°C before repeating the process. The film was finally dried at 150°C, rinsed 

with ethanol to eliminate Li-acetate or other by-products of the hydrolyzation reaction, and 

then annealed at 500°C for 12 h. Samples were named FZ3m1-5 and respectively FZ3mc1-2.  

Sample CS was coated on glass substrate and macroporous alumina disc by dip coating, as 

well as on the inner surface of asymmetric tubular substrate by slip casting (Figure 1).  

 
Figure 20 : Apparatus for a) dip coating

(57)
 b) slip casting. 

The final process parameters and the investigated parameter range (in brackets) are 

summarized in Table 7. Substrates were thoroughly rinsed with distilled water and dried at 

60°C before deposition. Relative humidity was always maintained 98% with a cc. CuSO4 

aqueous solution during the deposition procedure and in the following 24 h of drying
(57)

. 

 

a b 
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Substrate and 

sample name 

Preparation of 

substrate 

Temperature of the 

coating chamber (°C) 

contact time 

(min.) 

Withdrawal 

speed (cm.min
-1

) 

glass slide, 

FCS 

degreasing, 

chromic-sulphuric 

bath 

30°C (30-70°C) 0.5 2.4 (0.5-10) 

macroporous 

alumina disc, DCS 
distilled water room temperature 2 2 

porous alumina 

tube, TCS 
distilled water room temperature 10 (0.5-10) 10 

Table 7: Optimized process parameters (and the investigated range) for dip coating and slip 

casting layer deposition from sample CS. 

Two successive thermal treatments were then carried out up to 150°C, for complete drying 

and ZnO condensation, and up to 500°C, for thermal removal of the organic binders and 

mechanical strengthening of the deposited  layers, respectively (Figure 21). Films coated on 

glass substrate were named FCS, coated alumina disk and tubular membrane were respectively 

called DCS and TCS. 

 
Figure 21: Drying (black line) and heat treatment (red line) of CS samples. 

B - 3.2 Characterization of solid supported films 

The crystalline structure of materials was investigated on sample FZ2671 by X-ray diffraction.  

Layer morphology observations were made by scanning electron microscopy. The 

composition of TCS top layer was estimated with a SEM/EDX apparatus.  

The porous texture of TCS was characterized by nitrogen adsorption–desorption isotherms at 

77K. Specific surface area was evaluated by the BET method
(217)

. The BJH method
(218)

 was 

applied for the determination of the mean mesopore equivalent diameter, assuming cylindrical 

pores. The pore volume per gram of SiO2/ZnO coating was calculated from the weight 

increase of the substrate after the membrane deposition.  

B - 3.2.1 Characterization of thin layers for optical application 

UV-Vis spectra of LB films on transparent support was taken by a spectrophotometer at 

normal incidence. Experimental parameters were: air reference, wavelength range between 

190-1100 nm, 1 nm data interval, 1 s integration time. UV-Vis spectra of complex LB films 
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were fitted with the gradient refractive index model of Hild et al.
(219)

. The resulting film 

parameters were the average refractive index of the film (nav), the film thickness (d) and the 

inhomogeneity factor (g). 

Luminescence spectra of ZnO film FZ32 on quartz substrate was measured. Excitation 

wavelength was 300 nm. High-pass optical filter of 350 nm was applied before the detector 

for quartz; scan speed was 200 nm/min. 

Ellipsometric porosimetry measurements were performed on silicon supported films FZ31-

FZ4101. The angle of incidence and that of detection of He-Ne laser light (λ = 632.8 nm) was 

70°. Probe molecule was ethanol. First bare substrate (Si) was put into the sample holder. Its 

refractive index (≈ 3.40) and extinction coefficient (≈-0.28) was evaluated with the software 

SD 6.5 on the basis of a few tens of measurements at atmospheric pressure. Then the thin film 

on the substrate was put in the way of light, and the data measured for the substrate (fixed 

parameters) as well as the starting parameters of ZnO thin films (neff ~1.3-1.6; extinction 

coefficient ≈ 0, thickness ≈ particle diameter, these parameters were allowed to float) were 

entered to the software. The uniformity of the layer was verified at several points and then the 

sample cell was sealed and put under vacuum (p ≈ 10
-3

 mbar). Ethanol vapour pressure was 

increased step by step over the sample opening and closing a valve. The temperature (26-

28°C) was noted and p/p0 values calculated accordingly. 

Spectroscopic ellipsometry was carried out on FZ1101. A simple geometrical model was 

presumed (two layers of linear increase and then decrease of effective refractive index) and its 

parameter values were obtained from the best fit of spectral reflectance over 500-800 nm 

performed with DeltaPsi 2 software. 

XRR using Cu Kα ray was performed on samples FZ31-2, FZ2251, FZ2671, FZ3601 and FZ4101 at 

atmospheric pressure and room temperature. 

B - 3.2.2 Characterization of membranes for separation 

The water permeability measurements were performed in a tangential filtration device (Figure 

22). The distilled water or polymer solution was filled into the tank, which was thereafter 

sealed up. Water cooling applied to the tank assured constant temperature (~21°C) during the 

experiments. The circulation speed of liquid along the membrane was fixed at 2.7 m.s
−1

 by 

means of a circulation pump and the transmembrane pressure set with nitrogen. The 

measurements were carried out for transmembrane pressures in a range between 1 and 6 bar. 

The flow rate was calculated from the permeate volume collected for a given time. The 

filtering surface was approx. 3.3×10
-3

 m
2
. 

The cut-off of the membrane was determined using aqueous solutions of Dextran® and 

polyethylene glycol with different molecular weights. For these experiments the 

transmembrane pressure was fixed at 6 bar. The solute content in the permeate was measured 

by refractometry.  
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Figure 22: Schematic representation of the tangential filtration device. 

Retention (R) values were calculated from the actual polymer concentration in the permeate 

(Cp) and the concentration in the feed solution (Cf) (supposed to be unchanged): 

𝑅 = 1 −
𝐶𝑝

𝐶𝑓
  (29) 

B - 3.2.3 Characterization of the photoactivity of thin films 

The photocatalytic activity of FCS was evaluated from the photodegradation of stearic acid 

(SA). This analytical method was derived from a previously described procedure
(220)

. A 

methanolic solution of SA (10 mM) was spread by spin coating on one side of a glass slide 

previously coated with a CS layer (spin coating parameters: 2000 rpm during 70 sec., 1000 

rpm during 60 sec.). The sample was then irradiated with a UV source (UV1) located at 

around 20 cm over the sample surface. A Fourier transform infrared spectrometer was used to 

measure the evolution versus time of absorbance at 2850 cm
−1

 (maximum of the vibration 

band, υC–H, for stearic acid) in transmittance mode. The spectrum of the native FCS was used 

as baseline for the determination of absorbance. The complete mineralization of an organic 

compound can be followed by this technique. 

FZ3m1-5, FZ3mc1-2 prepared by dip coating and FZ31-3 LB films were tested for photocatalytic 

degradation of methylene blue in 38 mg.L
-1

 aqueous solution (Table 8). 10 mL of the solution 

was poured into a Petri dish containing the film. The system was irradiated with UV1. The 

evolution of the MB concentration versus irradiation time was measured by colorimetric 

measurements at λ = 664 nm (εMB =8×10
4
 cm

−1
.L.mol

−1
). The volume of methylene blue 

solution was adjusted to 10 mL before each colorimetric measurement. 

Photocatalytic activity of  samples FZ1101, FZ2251 and complex films was evaluated under 

illumination of UV3, in contact with 5.5 mg/L methyl orange aqueous solution (Table 8). The 

supported catalyst film (~ 6.5 cm
2
 of area) was put in a thermostated beaker. 10 mL of the 

MO solution was poured into the beaker and kept at 25°C under magnetic stirring during the 

experiment. Absorbance of the organic dye in solution was observed at 464 nm as a function 

of the irradiation time. Before each absorbance measurement, the volume of the MO solution 

was readjusted to 10 mL by adding distilled water as there was a slight evaporation of the 
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solvent under UV light. Specific degradation vs. irradiation time diagrams were presented, 

where specific degradation meant the decrease in MO absorbance at 464 nm produced on 1 

cm
2
 of the sample. It was calculated as follows: 

𝐷𝑠𝑝  (%) = 100
𝐴0−𝐴𝑡

𝐴0𝑆
,  (30) 

where A0 is the absorbance of MO solution at the beginning of the test, At is the absorbance 

value after t illumination time and S is the air of solid supported film. In order to compare the 

photocatalytic activity of different samples, specific degradation values after 120 min. (Dsp) of 

irradiation were chosen as characteristic values of photocatalytic activity.  

Additionally, photostability of the LB films was investigated keeping the samples under UV 

light for 3 hours in air and respectively in water. 

Methyl orange Methylene blue 

 
 

pH ~ 6.5 (5 g.L
-1

, H2O, 20°C) pH ~ 3 (10 g.L
-1

, H2O, 20°C) 

Table 8: Chemical structure and pH of organic dyes in aqueous solution
(221) 

Evolution of transmittance for simple and complex antireflective coatings was monitored 

during the photocatalytic experiments. The transmittance was measured both before and after 

test. Films were dried (105°C, 1h) or annealed (500°C, 1 h) further, and transmittance spectra 

were taken once more. Mechanical stability of FZ1101, FZ2251 and F2/a was studied by 

immersing the samples into ethanol ultrasonic bath for a given time. Absorbance of ZnO at 

350 nm was read after each ultrasonication periode, and relative absorbance values (AR) were 

calculated as follows: 

𝐴𝑅 = 100
𝐴𝑡

𝐴0−𝐴𝑠
,  (31) 

where At is the absorbance of the sample at 350 nm after t time of ultrasonication, A0 is the 

absorbance of this sample at 350 nm before the test and As is the absorbance of the bare 

substrate at 350 nm.  

B - 3.2.4 Characterization of separation function coupled with photocatalysis 

Preliminary experiments on coupling separation and photodegradation were carried out on 

sample DCS, following a previously used procedure
(10)

. The simplified experimental set-up 

consisted of two glass tanks separated with a 1.8 µm pore sized symmetric alumina membrane 

with CS-coated grains (Figure 23). The feed tank contained the aqueous solution of 

methylene blue (MB) with an initial concentration of 10
−4

 mol.L
−1

. The reception tank was 
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initially filled with pure water. The UV irradiation was applied on the side of the membrane 

in contact with the permeate solution. The UV source consisted of four parallel UV tubes 

(UV2) located at around 30 cm over the membrane surface. 

 
Figure 23: Experimental set-up for the study of separation coupled with photocatalysis on 

sample DCS. 

 

B - 4 Preparation and characterization of powders 

Powders were prepared at the same time as films in order to have similar materials ―in bulk‖ 

for analyses like XRD, N2 adsorption/desorption, and thermogravimetric analyses. 

B - 4.1  Preparation of powders 

Powder preparation procedures aim at producing materials in a similar way than the layer 

deposition technique used. Dip coating technique involves the controlled drying of the 

precursol sol at an extended area. LB technique includes the separation of particles from the 

spreading liquid by trapping them at the air-water interface while water soluble species can 

diffuse into the subphase. This means that a purification step should be introduced in the 

powder preparation procedure. 

B - 4.1.1 Powder preparation from silica sols 

Powder was prepared only from sample S400.The major part of solvent was evaporated after 

the reaction and then silica particles were washed five times with abundant distilled water (the 

sol was centrifuged each times, decanted and the sediment redispersed in pure distilled water) 

followed by drying at 95°C. The powder sample was called PS400. 

B - 4.1.2 Powder preparation from ZnO organosols 

Two powder samples were prepared from precursor sol Z3m used for dip coating. The powder 

dried at 350°C for 4 h was called PZ3m350. Another aliquot was dried at 150°C, washed twice 

with ethanol using the ―washing‖ procedure and heat treated at 500°C (label PZ3mW500). 
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Two kinds of powder samples were elaborated from ZnO sols in diethylene glycol. Sample 

named PZ110450 was prepared by heat treatment of sol Z110 in three subsequent steps: 180°C 

for 3 h, 250°C for 1 h (brown powder) and 450°C for 3 h (white powder) for the complete 

elimination of DEG (boiling point: 244-245°C
(222)

). Aliquots of Z172 and Z360 were 

centrifuged, the supernatant was discarded, and the particles were redispersed in chloroform. 

This procedure was repeated five times, and finally the particles were dried at 60°C. The 

powders were called PZ172 and PZ360. 

B - 4.1.3 Powder preparation from core/shell silica/ZnO hydrosols 

CS precursor sol (used previously for the deposition of films and membranes) was poured into 

a large beaker. The drying procedure was the same as for films (slow drying up at 150°C 

followed by annealing at 500°C for an aliquot of the powder). The powder samples are named 

PCS150 and PCS500 according to the stage of heat treatment applied. 

B - 4.2  Processing of powders 

Sulfurization of powders 

Sulfurization of powder PCS500 was achieved in the scope of the H2S chemisorption study. 

The powder sample was heated to 500°C under inert gas flow with 5°C/min heating rate. The 

sample was then kept under pure H2S flow at 500°C for 1 hour and then it was cooled down 

under inert gas flow. The name of the obtained powder was given PCSS. 

Annealing of powders 

Aliquots of powder PCS500 powders were heat treated at 600°C, 650°C, 700°C and 800°C for 

5 hours yielding samples named PCS600, PCS650, PCS700 and PCS800, respectively. Sample 

PCSS was annealed at 600°C for 24 h. The resulting powder was called PCSS-600. 

B - 4.3  Characterization of powders 

Various analyses were carried out to get information about the morphology, the crystalline 

structure, the porous texture, the surface properties and chemical composition of samples as a 

function of temperature. 

B - 4.3.1 Characterization of silica powder 

SEM pictures of PS400 were taken for the estimation of mean particle size of silica particles. 

Zeta potential measurements were performed using the same powder in aqueous suspensions. 

The experimental procedure was previously described by James and Healy
(205)

. Suspensions 

containing 36 mg.L
−1

 PS400, 101 mg.L
−1

 KNO3 as electrolyte, HNO3 (pH ~3) and respectively 

0, 2.2, 8.8, 22, 66 and 220 mg. L
−1

 of zinc acetate dihydrate were prepared and ultrasonicated 

until disappearance of powder aggregates. No sedimentation was observed after 1 day. The 

electrophoretic measurements were performed at 25.0±0.2°C. 
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B - 4.3.2 Characterization of ZnO powders 

TGA/DTG measurement was carried out on sample PZ3m350.  

The crystallinity of PZ3m350, PZ3mW500 and PZ110500 was investigated by XRD.  

N2 and H2O adsorption/desorption isotherms were recorded on powders PZ172 and PZ360 after 

degassing for 24 h at 100°C (standard procedure). Temperature of the measurement was 77 K 

for N2 and 293 K for water. Water adsorption/desorption isotherm was repeatedly taken  with 

slight changes in the degassing step: after 24 h of degassing in dark, the sample (still under 

vacuum  in a glass tube) was illuminated with UV3 for 30 minutes, before the second 

measurement. 

The density, the porosity, the effective refractive index of the single particle and of the ideal 

LB monolayer of Z172 particles were estimated on the basis of the measurement of density of 

PZ172 in a pycnometer at 20.0±0.2°C. The weight of a 10 mL pycnometer (supplied with a 

thermometer) was measured four times: empty, filled with abs. ethanol, with the powder 

sample inside and, finally, with the powder sample and filled with ethanol. The total porosity 

(Ptot) of the particles was calculated with the following expression: 

𝑃𝑡𝑜𝑡  (%) =  
𝑉𝑝𝑜𝑟𝑒

𝑉𝑝𝑜𝑟𝑒 + 𝑉𝑠𝑜𝑙𝑖𝑑
∙ 100  (32) 

The refractive index of the particles was obtained from the L-L formula. The effective 

refractive index of a monoparticulate LB film was computed (using the L-L formula again) by 

assuming hexagonal close packing of the particles. 

B - 4.3.3 Characterization of core/shell silica/ZnO powders 

TGA/DTG measurement was carried out on PCS150 and PCSS with a heating rate of 10°C/min. 

The weight loss of PCSS was analyzed as a function of time at 600°C.  

Samples PCS500, PCS600, PCS650, PCS700 and PCS800, as well as PCSS and PCSS600 were 

characterized with XRD for the determination of crystalline phases (X-ray wavelength: (Cu 

Kα)). N2 adsorption/desorption techniques were applied for measuring the specific surface 

area (BET method), the pore volume and the mean pore size (BHJ method). The powder 

degassing temperature was 150°C. 

The morphology and chemical composition of PCS500 was investigated with SEM/EDX. 

Adsorption of MB and MO on ZnO surface was studied on PCS500 and PZ360 sample, 

respectively. To 10 mg of powder, a volume of 10 mL of 10
-4

 mol.L
-1

 MB and 5.5 mol.L
-1

 

MO aqueous solution was added, respectively. The absorbance values for MB (at 464 nm) 

and MO (at 664 nm) was measured as a function of time. 
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Sample denomination (see fold-out last page) 

Sample name or composition Remark 
Temperature of 

treatment 

PARTICLES 

S37, S96, S100 Stöber silica particles in ethanol 25°C 

Z3, Z3W, Z3D, Z3m, Z3mc 
ZnO particles in ethanol (Meulenkamp) (W – washed, D – dialysed, m – 

prepared with modified synthesis conditions, c – concentrated) 
0-4°C 

Z110, Z172, Z225, Z267, Z360, 

Z410 
ZnO particles in diethylene glycol (Seelig) 160°C 

CS core/shell silica/ZnO particles in water 25°C 

PRECURSOR SOLS 

S37, S96, S100 Spreading sols composed of 1:2 = sol: chloroform vol% 25°C 

Z3, Z3W, Z3D, Z110, Z172 Spreading sols composed of 1:1 = sol: chloroform vol% 25°C 

Z3-A5, Z3-A10, Z3-A20, Z110-

A1, Z110-A2.5, Z110-A10, 

Z110-A20 

Spreading sols of ZnO particles with 1-20 wt% of arachidic acid and 1:1 = 

sol: chloroform vol% 
25°C 

in chloroform Spreading sols Z172, Z225, Z267, Z360, Z410 25°C 

R17, R10, R3, R1.6, R0.8, R0.25 
Mixed spreading sols of Z110 and S96 particles with number ratio of ZnO to 

silica between 17 and 0.25 
25°C 

Z3m and Z3mc + 67wt% P123 precursor sols for dip coating 25°C 

CS + 0.15wt% SL precursor sol for dip coating and slip casting 25°C 

FILMS 

FZ31-5, FZ1101-4, FZ172, FZ225, 

FZ267, FZ360, FZ410 
Simple LB films of native ZnO particles in 1-5 layer 105°C 

FZ3-A101-5, FZ110-A(1-10) LB films of Z3 and Z110 with 1-10 wt% arachidic acid 105°C 

FS372-3, FS96 and FS100 Mono- and multilayered LB films of silica nanoparticles 105°C 

F6/a, F6/b, F6/c Complex LB films (3 layers of S37 and 3 layers of Z3) 105°C 

F9/a, F9/b, F9/c Complex LB films (3 layers of S37 and 6 layers of Z3) 105°C 

F2/a, F2/c Complex LB films (1 layer of S96 and 1 layer of Z110) 105°C 

FR17, FR10, FR3, FR1.6 LB monolayers of mixed spreading sols of S96 and Z110 105°C 

FZ225300, FZ225500 LB monolayers of Z225 modified by heat treatment 300°C, 500°C 

FZ110T1, FZ110T2 LB monolayers of Z110 modified with TEOS 105°C 

FZ110M1, FZ110M15, FS100M1, 

FS100M15, F2/aM1, F2/aM15 

LB monolayers of S100, Z110 and complex LB films F2/a modified with 

MTS and irradiated under UV3 for 1 or 15 min. 
105°C 

FZ3m1-5, FZ3mc1-2, FCS, DCS Films and flat membrane (DCS) prepared by dip coating 500°C 

TCS Tubular membrane prepared by slip casting 500°C 

POWDERS 

PZ172, PZ360 Washed with chloroform and dried 60°C 

PZ110450 Dried and annealed 450°C 

PZ3m360, PZ3mW500 Powders dried, washed with ethanol (only PZ3mW500) and annealed 350°C, 500°C 

PCS150, PCS500 CS sol dried (150°C) and annealed (500°C) 150°C, 500°C 

PCS600-800 PCS500 heat treated for 3 hours 
600°C, 650°C, 

700°C, 800°C 

PCSS PCS500 kept under H2S effluent for 1 hour 500°C 

PCSS-600 PCSS annealed for 24 hours in air 600°C 
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Part C : Results and discussion 

 
In this section are presented and discussed the experimental results of my PhD work. First, the 

structural and microstructural characterization of the elaborated materials is presented in order 

to confirm the similarity with materials described in the literature (ZnO nanoparticles) and to 

provide information about new thin films built up with them. Second, the properties of 

multifunctional thin films with antireflective and self-cleaning property and membranes for 

separation coupled with photocatalysis or chemisorptions are detailed. 

C - 1 Structural and microstructural characterization of ZnO-based 

nanomaterials 

ZnO nanoparticles of 3-410 nm diameter, as well as core/shell silica/ZnO nanoparticles were 

characterized using in situ (in sol) and ex situ (in powder or thin film) techniques. 

C - 1.1  Study of the ZnO-based nanoparticles 

C - 1.1.1 Z3 particles 

ZnO nanoparticles of 3 nm mean diameter were prepared in ethanol by the reaction of zinc 

acetate and lithium hydroxide (Meulenkamp)
(180)

. The size of particles was estimated (Figure 

24a-b, Table 9) using the calibration curve of Meulenkamp and the effective mass model
(211)

.  

Age of Z3 sol 

(day) 
𝑬𝒈

∗  (eV) d (nm) 
(calibration curve) 

d (nm) 
(effective mass model) 

0 3.69 2.8 3.5 

1 3.64 3 3.7 

2 3.60 3.2 3.9 

3 3.58 3.3 3.9 

6 3.56 3.4 4.0 

8 3.54 3.5 4.1 

Table 9: Band gap energy of size quantized particles and particle diameter in Z3 sols on the 

days following the preparation. Size determination was done using the calibration curve of 

Meulenkamp and the effective mass model. 
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The two methods give somewhat different values for the particle size, because of the 

relatively broad size distribution of particles (see SAXS measurement of 16 days old Z3W sol, 

Figure 24c). Smaller particles absorb at lower wavelength light than larger ones. The band 

gap energy is determined from the extrapolation of linear part of the absorption edge, where 

only the largest particles contribute to the absorption
(212)

. According to Meulenkamp’s 

method, the inflection point of the absorption band is used to obtain the mean particle size. 

The mean diameter of the Z3 particles is found to be ~3 nm, and it is rising slowly with 

time
(214)

. The ZnO particle green fluorescence intensity decreased with ageing of the sol 

(Figure 24d) according to previous reports. The crystallinity of the particles is evidenced by 

XRD measurement, and Scherrer’s formula
(223)

 gave 6.6 nm mean crystallite size for 43 days 

old Z3W. Only ZnO wurtzite was observed in the diffractogram (not shown, n.sh.). In 

consequence, inert atmosphere is not required for this synthesis procedure, which leads to 

well-crystallized ZnO particles. As the size of crystallites measured by XRD equals nearly the 

size of particles, it is probable that each particle is a single crystallite. 

 

 

Figure 24: Particle size determination and quantum size effects observed for sol Z3
(214)

. 

Particle size was determined from a) the inflection point of UV-Vis absorption edge using 

Meulenkamp’s calibration curve b) the band gap energy using the effective mass model; c) 

size distribution function was evaluated from SAXS measurement on 16 days old Z3W and 

d) the size dependent green fluorescence of Z3 particles is monitored by fluorimetry. 
 

 

 

a b 

c d 
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According to UV-Vis spectra (Figure 24a), the formation of Z3 particles is not complete on 

the day of preparation, or the rapidly formed layered oxy-acetate’s transition into ZnO is 

slow. Observations of Qian et al.
(182)

 confirm the second hypothesis, and so the transformation 

can be helped by ultrasonication. This possibility was examined on aliquots kept in ultrasonic 

bath for 1 or 5 minutes on the day of synthesis and on the following day (Figure 25). One 

minute of ultrasonication on the day of preparation achieves almost the transformation of 

precursor salt into ZnO (increase in absorption) without increasing the band gap (no decrease 

in Eg
*
). After five minutes of ultrasonication, the transformation is complete, but the particle 

size is irreversibly increased (effect of ultrasonication and heating). In one day, however, the 

sol becomes less sensitive to the ripening effect of ultrasonication. It can be therefore 

concluded that the one minute of ultrasonication applied on samples prior to spreading had no 

harmful effect on the particle size. 

 
Figure 25: Effect of ultrasonication (US) on the absorption spectrum of Z3 sol a) on the day 

of preparation and b) on the day after the preparation. 

The effect of washing on the solid content and stability of Z3 was investigated. Initially, the 

sol contains 10.7 mg.mL
-1

 solid of which 4.07 mg.mL
-1

 can theoretically be ZnO. Dialysis 

was effective in removing side-products, since it produced Z3D with 4.4 mg.mL
-1

 solid 

content. At the same time, UV-Vis spectrum (n.sh.) indicates an increased particle size and 

aggregation through shifted absorption edge and light scattering. Z3W sample obtained after 

one time washing and diluted to original volume has a solid content of 2.1 mg.mL
-1

. This 

means that a considerable part of ZnO is eliminated together with side-products. Increase in 

particle size was not observed during washing. Hence, the procedure of dialysis (highly time- 

and solvent-consuming) was surrendered, and washing was used before dip coating. 

Concerning LB deposition, as the side-products are all water-soluble, they may diffuse into 

the subphase when particles are spread at the air-water interface. The possibility of this 

inherent purification step should be explored. 

DLS measurement of the sol Z3 demonstrated aggregation-desaggregation phenomena 

depending on time and the additive content (Table 10). The addition of chloroform diminishes 

the size of aggregates. Arachidic acid has no intrinsic desaggregating effect, but it helps 

a b 
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desaggregation when added into the spreading mixture. Without further experiments using 

other apolar solvents it can be assumed that the surface of the Z3 particles is hydrophobic, 

which leads to hydrophobic attraction between them. The time-dependent aggregation can be 

the result of changes in the surface chemistry of particles due to the slow transformation of 

remaining precursor salts into ZnO and later ripening processes. One has to remark that 

particles conserve their size-quantized properties in spite of aggregation. 

Composition of 

Z3 sol 

Hydrodynamic 

radius (nm) 
 

Age of Z3 sol 

(day) 

Hydrodynamic 

radius (nm) 

Z3 103  1 670 

Z3 with AA
*
 125  2 300 

Z3 : chloroform 

1:1 (V/V%) 
45 

 5 44 

 6 68 

Z3 with 

chloroform 

and AA
*
 

39 

 13 111 

 16 146 

Table 10: Hydrodynamic radius of Z3 sol measured by DLS. The effect of the composition is 

presented on 17-day-old Z3 on the left; the effect of aging time is shown on the right. 
*AA content was 5 wt% of the ZnO mass  

C - 1.1.2 Z110-Z410 particles 

ZnO particles with mean diameter between 110 and 410 nm were synthesized in diethylene 

glycol without addition of base (Seelig)
(195)

. TEM pictures of particles and resulting 

calculated size distribution functions of Z110-410 sols are presented in Figure 26-27. The size 

and size distribution (4-20%) of the particles highly depend on synthesis condition – not 

wholly understood at present. Attention was payed to the following reaction conditions: effect 

of the age of supernatant (1 day-several weeks); ultrasonication time of supernatant prior to 

adding it into the second reaction (0 min.-30 min.); the heating rate of the secondary reaction 

(10 min.-60 min.); the temperature drop in the secondary reaction upon addition of the 

supernatant; secondary reaction time (30 min.-90 min.). No conclusion could be made on the 

quality of the supernatant, but ultrasonication is probably unfavourable since it may transform 

the primary oxy-acetate clusters into ZnO. Heating rate and temperature drop are the main 

parameters to control the particle size and size distribution of the resulting sol: the sols used in 

this work were obtained with a heating rate to reach the working temperature of 150°C within 

15-25 minutes.  
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Figure 26: TEM pictures showing Z110-410 ZnO nanoparticles. 

 
Figure 27: Size distribution function of Z110-410 nanoparticles determined on the basis of 

TEM pictures from ~200 particles. 

The Z110-410 particles are crystalline according to the XRD performed on an LB monolayer 

FZ2671 and on powder PZ110500. The unique crystalline phase observed is hexagonal, of 

wurtzite type. 

 
Figure 28: X-ray diffractogram performed on a) FZ2671 LB film and b) PZ110450 powder. 

a b 
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From TEM observations (Figure 26), the particles fabricated by Seelig’s method seem to have 

important porosity in their whole volume that could not have been observed with SEM (at 

lower magnification) by the authors of the synthesis. This porosity may arise from an 

aggregation type growth mechanism of the particles. Porosity is decisive in the refractive 

index of the particles and by way of consequence in the optical properties of resulting thin 

films I undertook the investigation of the particle porosity. The mass density of particles PZ172 

was measured with a pycnometer (Table 11). The particles are found highly porous, with 

pores closed to ethanol. The values of the closed particle porosity (Pp,c), the particle effective 

refractive index (np,eff) and the effective refractive index of an ideal LB monolayer (nLB1,eff ) 

were calculated. 

Sample ρp (g.cm
-3

) Pp,c (%) np,eff nLB1,eff 

Z172 2.776 51 1.404 1.233 

Table 11: Mass density of Z172 particles measured by pycnometer at 20°C and calculated 

values of the closed particle porosity (Pp,c), the particle effective refractive index (np,eff) and 

the effective refractive index of an ideal LB monolayer (nLB1,eff ). 

Nitrogen adsorption/desorption isotherms were taken on powders PZ172 and PZ360 (Figure 29). 

The characteristics of the open porous texture of the particles are reported in Table 12. The 

isotherm of  PZ172 is characteristic of non-porous or macroporous materials. Knowing the 

results of density measurements and TEM pictures, this material was expected to be porous 

but with mainly closed porosity. The isotherm of  PZ360 shows hysteresis indicating open 

mesopores with mean pore size of 10 nm.  The related pore dize distribution is presented in 

(Figure 29b).  

 
Figure 29: a) N2 adsorption/desorption isothermes of samples PZ172 and PZ360; b) distribution 

of pore volumes calculated by BJH method from the desorption isotherm. 

The specific surface area of the particles is not very high, though it is higher than the value 

calculated for compact spheres (12.6 m
2
.g

-1
 and 6.2 m

2
.g

-1
 for Z172 and Z360, respectively) 

(Table 12). The open particle porosity is very low compared to the closed particle porosity 

determined for PZ172. 

 

a b 



Part C : Results and discussion 

 C – 1 Structural and microstructural characterization of ZnO-based nanomaterials 

67 

 

Sample BET specific surface 

area
(217)

 (m
2
.g

-1
) 

BJH adsorption av. 

pore size
(218)

 (nm) 

Pp,o (%) 

PZ172 23 14 16 

PZ360 41 10 32 

Table 12: Characteristics of the porous texture of the particles PZ172 and PZ360 calculated 

from the N2 adsorption desorption isotherm. 

The polarity properties of the particles were examined performing water adsorption/desoption 

isotherms under different conditions (Figure 30), but photoinduced changes could not be 

confirmed by the UV irradiation of the powder before a second performance of the isotherm. 

The two curves were identical (Type IV, irreversible), the change in the C parameter of the 

BET equation was negigible
(217)

. The experimental conditions were not appropriate to induce 

visible difference in the affinity of the powder for water (the powder was separated from the 

UV light by the glass of degassing flask, and there was no possibility for stirring the powder). 

The absence of closed hysteresis loop is due to rehydroxylation of the oxide surface. The 

phenomenon was observed for silica and other oxides
(224)

: a water molecule adsorbes first 

physically to a surface hydroxyl group, and interacts with an oxygen atom of the surface to 

form a second hydroxyl group etc. BET surface area determined for PZ360 in the two 

measurements were 45 m
2
.g

-1
 and 42 m

2
.g

-1
. These results are in good agreement with the 

results of N2 adsorption/desorption measurement.  

 
Figure 30: Water adsorption/desorption isotherm performed on PZ360 without and with 30 

min. of UV irradiation before performance. 

C - 1.1.3 CS particles 

Core-shell silica/ZnO nanoparticles were elaborated by addition of zinc acetate to an amount 

of acidified silica hydrosol of 12 nm mean particle diameter. The synthesis conditions were 

chosen to obtain ~1 nm thick ZnO shell on the surface of LUDOX HS40 silica particles. A 

series of synthesis experiments (Table 13) made possible to conclude that the more 

concentrated sols were the more stable due to their lower pH value. When the pH exceeded 

5.6 the sol went through immediate whitening and then a sediment is formed. Rapid addition 
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of acid could stop and reverse the phenomenon. A series of sols was thus prepared with 

different pH, and used to monitor the characteristic hydrodynamic size in the sample (Table 

14). The characteristic size (70-90 nm hydrodynamic diameter) increased abruptly above pH 

5.6 signaling aggregation of the particles. SEM pictures showed 20-40 nm diameter particles. 

The larger particle size may originate from a non-compact strucutre of the shell.  

Synthesis conditions Solid content Observations 

VLUDOX 

(mL) 

dilution 

(H2O mL) 

VZAH 

(mL) 

cZAH 

(mol.L
-1

) 

SiO2 

(g) 

ZnAc2 

(g) 

Zn/Si 

at. ratio 

Total 

(mg.mL
-1

) 
pH stable for 

20 20 35.5 1 10.48 6.53 0.203 0.21 5.5 7 days 

50 50 245 1 26.20 45.08 0.561 0.20 5.6 2 day 

30 70 150 1 15.72 27.60 0.573 0.17 5.7 0-1 day* 

10 30 50 1 5.24 9.20 0.573 0.16 - 0 day 

20 0 95 1 10.48 17.48 0.544 0.23 5.55 1-2 days 

20 20 95 1 10.48 17.48 0.544 0.20 5.64 0 day 

20 10 95 1 10.48 17.48 0.544 0.22 5.59 1 day 

20 0 60 1.6 10.48 17.66 0.550 0.34 5.43 5 days** 

10 20 32 1.6 5.24 9.42 0.586 0.23 5.54 2 days 

Table 13: Elaboration of core/shell silica sol. Synthesis conditions, resulting solid content 

and the observations made on the pH and the stability of the samples is reported. The sol 

remained transparent while stable. Destabilization was indicated by the formation of white 

sediment. *sample used for the determination of hydrodynamic radius as a function of pH  

**sample used for layer deposition  

Organic binders were added to the sol to ensure crack-free layer deposition (Table 15). The 

stability of CS sols was perturbed by some of them: HEC and PEG for example caused 

immediate destabilization. Whitening of the sol and later demixion was observed upon 

addition of high amount of F127. As it was supposed, these particles are too large to slip in 

between F127 micelles. The most concentrated precursor sol remained stable for some days 

with 0-1% PVA and SL. SL was used in 0.03% in the precursor sol for dip coating. 

pH 
dmean 

(nm) 
 Additive 

Concentration of 

additive solution 

(wt%) 

sol* 
Additive content 
(wt% of the solid content 

of sol) 

stable 

for 

5.60 1080±194  F127 - 2
nd

 70-100% no 

5.50 169±22  
PVA 12% 

2
nd

-3
rd

 0.3-5% no 

5.24 73±9  1
st
, 4

th
-8

th
 1% 0-5 days 

5.00 77±11  HEC 2% 4
th

 0.05-1% no 

4.50 80±11  PEG 12% 1
st
-5

th
 1% no 

4.00 87±11  SL** 12% 1
st
-8

th
 0.03-0.15% 0-7 days 

 Table 14: Hydrodynamic diameter of CS particles at different pH obtained from DLS 

measurements. 

Table 15: Amount of additives mixed to the sol and stability observations.*Indicates the synthesis 

conditions of the sol as presented in Table . **SL is a mixture of 87% PVA, 8.7% glycerol and 4.3% ethylene 

glycol in 12% aqueous solution 

The final pH of the chosen CS sol was equal to 5.4, which is in the range of pH values 

corresponding to a rapid aggregation in the case of pure silica sols
(136)

. The stability of the 
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prepared sol is in agreement with a surface modification of the silica particles by ZnII species. 

Electrophoretic mobility measurements were carried out on Stöber silica particles PS400 in the 

presence of ZnII ions in order to elucidate the adsorption phenomenon. Due to the 

experimental restriction in term particle size, the zetameter only detected the electrophoretic 

mobility of the large silica particles. The results reported in Figure 31 evidence a charge 

reversal at pH 8 for the highest concentrations of ZnII. From this pH, the particles exhibit the 

same behavior as pure ZnO particles with an isoelectric point (IEP) close to pH 9–10
(225)

. The 

condition cZn(II) =10
−5

 mol.L
-1

 (hollow circles in Figure 31) corresponds to the same number 

of moles of ZnII species per m
2
 of silica particle as for the mixed sol used for preparing the 

membranes and the coatings. It is related to the lower silica content and the larger particle size 

of the model suspension used for the electrophoretic measurements. However the 

concentration of ZnII species in the mixed sol is 10
5
 times higher (1.13 mol.L

-1
). In that case, 

the phase stability diagram of ZnO – H2O system (Figure 12 in Part A-2.2.1) indicates the 

precipitation of solid oxide at pH ∼5.4. Moreover the solubility products are decreased by the 

lower electric field at the particle interface that allows surface precipitation at pH values 

below that of bulk precipitation
(204-206)

. Thus the formation and adsorption of hydrolyzed 

species as a shell on the silica surface is expected in the mixed sol. 

       
Figure 31: Surface modification of Stöber silica particles by ZnII species; a) SEM picture of 

PS400 particles and b) electrophoretic mobility vs. pH of PS400 particles in aqueous solutions of 

zinc acetate. The ionic strength was set with KNO3, pH was set using HNO3 and NaOH. 

For the complete removal of organic binder and the mechanical strengthening of the materials 

heat treatment was applied up to 500°C. Thermogravimetric analysis of PCS150 confirms that 

the transformation of ZnII species into ZnO and the degradation of additives is complete at 

400°C (n.sh.).  

EDX measurements revealed that the Zn/Si atomic ratio is 30/70 in powder PCS500. Taking 

into account the low accuracy of the elemental analyses (few percents), it appears that the 

experimental ratio for the powder is in agreement with the theoretical ratio assuming a 

complete adsorption of the ZnII species: 35/65. 

 

a b 
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C - 1.2  Study of the ZnO-based Langmuir films 

C - 1.2.1 Z3 particles 

First the effect of washing was observed on Π – A isotherms of Z3 and Z3W. Both samples 

gave rise to isotherms with unusual shape (Figure 32). No ―solid‖ region or collapse pressure 

could be identified on these curves. A possible hypothesis is that the surface of the particles is 

hydrophobic. If that is the case, it is presumably during the evaporation of the spreading 

solvent that severe aggregation of the particles occur under the effect of hydrophobic 

attraction and immersion type capillary forces
(32)

. Langmuir film of Z3W contains five times 

less ZnO (mass of ZnO in Figure 32), which can be explained only by the introduction of 

some other materials: surfactant traces present in the heptane that adsorb at the air-water 

interface and take the place of ZnO particles. Washing of the sols is, in consequence, not 

advisable for film balance experiments. 

 

Figure 32: Π – A isotherms of a) Z3 and b) Z3W particles recorded by forcemeter FM1. 

The hydrophobic nature of Z3 particles was confirmed by several observations: after 

compression of the Langmuir film, a white, folded membrane floated on the water surface. 

This could be photographied by BAM (Figure 33a). TEM picture taken on the compressed Z3 

and Z3W Langmuir film showed aggregated structure of the tiny particles (Figure 33b). The 

aggregation was more pronounced in the case of washed sol. 

          

Figure 33: a) BAM picture of compressed Langmuir film of Z3 particles; b) TEM pictures of 

Z3 and Z3W particles in Langmuir film. 

 

a b 

a b 
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Arachidic acid was chosen among several surfactants (aminopropyltriethoxysilane, 

methyltriethoxysilane, triblock copolymers P123 and F127) to modify the surface of tiny ZnO 

particles and prevent their aggregation during the evaporation of chloroform. TEM pictures 

taken on the Langmuir films of Z3-A2, Z3-A10 and Z3-A20 prove the successful use of 

arachidic acid (Figure 34). Some aggregates are still observed at 2% AA content. On the 

other hand, the inconvenience of too high surfactant ratio is in the appearance of spaces 

separating the particles (since AA is also a surfactant adsorbing at the air-water interface). 

 
Figure 34: TEM pictures of Langmuir films containing Z3 particles and 0, 2, 10 or 20% 

arachidic acid. The AA quantity is in wt% of the theoretical ZnO content in the film. 

A difference in the primary structure of the particles after spreading is observed by BAM as 

well (Figure 35). In the presence of arachidic acid smaller units of assembled particles replace 

the large ones, and the border of these units becomes uneven.  

 
Figure 35: BAM picture of spontaneously formed assemblies of Z3 particles after spreading n 

the absence or in the presence of 20 wt% arachidic acid surfactant. 

Π – A isotherms of spreading sols containing AA were taken (Figure 36). A linear region can 

be discerned on the isotherms of each. Furthermore, the spreading ability of sample Z3-A10 

and Z3-A20 were found to be constant (0.66 and 0.69 cm
2
.mL

-1
, respectively): the value of AK 

is proportional to the spread volume of the sample (insets in Figure 36). The higher spreading 

ability of Z3-A20 indicates the excess of AA taking place between the particles. ANOVA 

type repeatability test (n. sh.) was carried out on a 40-day-old Z3-A10 sample, which showed 

no relevant difference between the isotherms taken on 3 consecutive days.  
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Figure 36: Π – A isotherms of Z3 particles with a) 10% and b) 20% AA content (wt% of 

ZnO). The ZnO mass in the Langmuir film is given for each isotherm, the correlation between 

the spread amount of sol and the contact surface area (AK) is shown in the inset. 

C - 1.2.2 Z110-410 particles 

Z110-410 particles were spread at the air-water interface from the mixture of original 

diethyleneglycol and chloroform in 1 : 1 vol% and after being transferred into pure 

chloroform. Π – A isotherms reveal that from DEG media, more than twice the ZnO mass has 

to be spread at the air-water interface to reach the same contact surface area (Figure 37). 

Three causes may be responsible for this discrepancy. First, the mixture containing DEG has a 

bad spreading ability over water, and even at careful spreading of the sol, drops happen to fall 

visibly into the water. Second, DEG dissolves in water and is presumed to carry away some of 

the particles too. Third, the transfer of the particles into chloroform involves centrifuging: the 

smallest particles are separated from the mass with the supernatant and the largest ones (at the 

bottom of the tube) are voluntarily not redispersed in chloroform. This means, that the 

resulting sol has a narrower size distribution than the original one. The size distribution has an 

obvious (increasing for intermediate polydispersity or decreasing for important difference in 

particle size) effect on the AK value through the packing of the particles. 

       
Figure 37: Π – A isotherms of Z172 spread from a) mixture of DEG : chloroform = 1 : 1 

vol% and b) pure chloroform. The correlation between the spread amount of sol and the 

contact surface area is shown in the inset. 

a b 

a b 
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Thus, the transfer of particles Z110-410 into chloroform improved their spreading ability 

(from 0.24 cm
2
.mL

-1
 to 0.69 cm

2
.mL

-1
). The AK values of all the isotherms of ZnO particles 

are plotted against the spread ZnO mass in Figure 38. As for silica particles
(32)

, the increasing 

size of particles decreases the slope of the straight line defined by the AK values of a sample 

because smaller particles’ coating ability is higher. This tendency is troubled only by the 

particles spread from 1 : 1 Vol% of DEG and chloroform (see above). 

 
Figure 38: Contact surface area vs. ZnO mass in the Langmuir isotherm. Blue symbols refer 

to tiny ZnO particles with AA; black symbols refer to particles spread from DEG : chloroform 

1 : 1 Vol% mixture; green symbols mark particles spread from pure chloroform. 

The water contact angle of particles evaluated from the non-dissipative part of the isotherms 

(Eq. 5-6)
(40)

 of Z172, Z267 and Z410 particles  are shown in Table 16. These values confirm 

the observations made during the performance of Π-A isotherms: the particles can be removed 

irreversibly from the air-water interface during collapse, and their surface is rather 

hydrophylic (no sign of cohesivity during decompression and further compression).  

Sample Z172 (FM1 and FM2) Z267 (FM2) Z410 (FM2) 

Θ (°) 33 34 36 

Table 16: Water contact angle of Z172-Z410 particles evaluated from the non-dissipative part 

of Π-A isotherms by extrapolation to zero amount
(40)

. 

Characteristic pictures of the interfacial layer structure of particles Z110, Z172 and Z225 are 

collected in Figure 35. Pictures taken for Z3 are also presented in comparison. The steps of 

Langmuir film formation can be distinguished on these photographs: the primary structures 

formed during the evaporation of the solvent, the evolution of the structure upon compression 

and, finally, the cracked film when the barrier is withdrawn. The film of Z3 particles seems to 

be highly cohesive in comparison to the others (sharp contour of cracked layer). Folds are 

visible to the naked eye after the collapse on the layer of larger paticles, too, but not on BAM 

pictures because of increased light scattering. Z225 particles seem to provide compact film 

structure, which is in agreement with the narrow size distribution of this sample
(226)

. 
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Figure 39: BAM photographs of ZnO particles at the air-water interface during compression 

and decompression. 

Scanning angle reflectometry study was carried out on Z110, Z172 and Z267 (Figure 40a). In 

the case of larger ZnO particles, the light scattering was presumed to perturb the 

measurement, but the results could be interpreted in terms of the hexagonal model
(40)

.  

                
Figure 40: a) Reflectivity curves vs. angle of incidence measured on the compact Langmuir 

films of Z110-267 particles (Π = 1-3 mN/m). The reflected intensity curve of water and Z110 

particles are enlarged in the inset. b) Schematic representation of a particle at the air-water 

interface.   

a b 
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The reason is that the particles immerse relatively deep into the higher refractive index 

subphase, the optical contrast (scattering occurs at the interface of different RI phases) is 

therefore not so important. 

The fitting of an optical model to the reflectance curves permitted to get an estimation to the 

immersion ratio of the particles (h/d), the particle effective refractive index (np,eff) and the film 

thickness (d) (Table 17). The water contact angle of the particles is calculated from the 

immersion ratio using the expression (Figure 40b)
(227)

: 

𝑐𝑜𝑠𝛩 = 2


𝑑
− 1  (33) 

 The value of np,eff is very low for each sample compared to the bulk RI of ZnO (2.01
(68)

) and 

it confirms the observations made on the basis of TEM and density measurements. Though 

the existence of closed porosity of the particles is now evidenced, the amount of it could not 

be determined definitely: the estimated value of np,eff made by density measurement is more 

than 0.1 lower than the value obtained from the evaluation of SAR measurements. The water 

contact angle of the particles Z172 and Z267 is in good agreement with the values evaluated 

from the non-dissipative part of the Π-A isotherms (Table 16). 

Sample h/d np,eff d (nm) χ
2
(*10

-8
) Θ (°) 

Z110 0.719 1.486 119 0.004 64 

Z172 0.945 1.531 188 0.10 27 

Z267 0.936 1.515 291 0.07 29 

Table 17: Evaluation of SAR measurements by the hexagonal model
(40)

. The obtained 

parameters are the immersion depth (h/d), the effective refractive index of the particles (np,eff), 

the film thickness (d) and the χ
2
 parameter of the fit (sum of deviation squares). The water 

contact angle of the particles (Θ) is calculated from the immersion depth. 

The estimation of the closed porosity of the particles (Pp,c), the mass density (ρp) and the 

effective refractive index of an ideal LB monolayer (nLB1,eff), calculated from np,eff determined 

by SAR) is shown in Table 18. The porosity of the particles is high enough to expect the 

resulting LB film to have antireflective property. The distribution of the porosity is, however, 

not known. If the characteristic size of inhomogeneity is in the same order of magnitude than 

the examinating light wavelength, very important scattering can be produced. 

Sample Pp,c (%) ρp (g.cm
-3

) nLB1,eff 

Z110 43 3.26 1.277 

Z172 38 3.51 1.300 

Z267 40 3.42 1.292 

Table 18: Estimated values of the closed porosity of the particles (Pp,c), the mass density of 

the particles (ρp) and the effective refractive index of an ideal LB monolayer (nLB1,eff) 

calculated from the np,eff obtained by the evaluation of SAR measurements. 
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The effect of arachidic acid on the structuring of Z110 particles was examined performing Π – 

A isotherms, BAM and TEM pictures. AA content was varied between 1-10 wt% of the ZnO 

content of the sol. 5% AA corresponds to 100% surface coverage (ρp calculated from SAR 

measurement was used to obtain specific surface area of Z110 Ssp = 17 m
2
.g

-1
). The 

appearance of extended liquid phase on the isotherms is a consequence of the addition of 

arachidic acid, and unlike for Z3 particles, the hybrid films become more cohesive. The 

evidence of it is given not simply by isotherms, but by repeated compression and 

decompression of the interfacial layers (Figure 41). The relaxation of the Langmuir film is 

prevented by its highly cohesive nature at 5-10% AA content. Decompression of Z110-A10 

sample induced anomalous change of the surface pressure: it did not decrease, but increased 

for a while upon withdrawal of the barrier. This phenomena contradicting thermodynamics 

has been observed previously for highly cohesive films
(31)

. 

 

 
Figure 41: Π – A isotherms of Z110 samples with a) 0% b) 2.5% c) 5% and d) 10% of AA 

(wt% of ZnO). The first compression (black line) of the Langmuir film is followed by 

decompression (dashed lines) and the compression-decompression cycle is repeated (red, 

orange and yellow lines). 

BAM images confirmed the more cohesive character of Z110-A samples. The cracked layer 

(decompression) of Z110 and Z110-A10 is shown in Figure 42a. In TEM pictures of Z110 and 

Z110-A10 Langmuir films it is clear that arachidic acid takes place between the particles. 

Organic and inorganic phases seem to segregate. In this case, arachidic acid does not help the 

formation of homogeneous monoparticulate film at the air-water interface. 

a b 

c d 
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Figure 42: Langmuir films of Z110 and Z110-A10 samples observed by a) BAM and b) TEM. 

C - 1.2.3 Mixed Langmuir films of Z110 and S96 particles 

Preliminary experiments were carried out for the preparation of mixed Langmuir films from 

silica and ZnO particles of nearly the same size. The interest of such mixed Langmuir and 

Langmuir-Blodegtt films lies in the possibility to tailor the effective refractive index of the 

resulting thin layer.  

 

 
Figure 43: a) Π – A isotherms of mixed Langmuir films containing Z110 and S96 particles in 

different proportions. The total number of particles spread is between 1.3 ×10
18

 – 1.6×10
18

 

for each isotherm. b) Π – A isotherms of pure Z110 and S110 systems. c) TEM picture of 

nearly compact R10 and R3 mixtures (light grey spheres are silica particles, dark grey and 

spongy spheres are ZnO particles). 

Isotherms of mixtures containing Z110 in important excess have well-defined solid region, 

which vanishes with increasing silica content. Systems R0.8 and R0.25 show no more 

characteristic features of either of the constituting particles’ isotherms. TEM pictures reveal 

segregation of the same type particles that grows more evident with increasing amount of 

silica particles mixed to ZnO. At the same time, with increasing inhomogeneity of the layer it 

shows anomalous behaviour upon compression-decompression cycles (Figure 44). 

a b 

a b 

c 
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Figure 44: Compression-decompression of Langmuir films of a) R1.6 and b) R0.8 mixed 

systems. The first compression (black line) of the Langmuir film is followed by decompression 

(dashed lines) and the cycle is repeated (red and orange lines) 

C - 1.3  Study of the ZnO-based thin films on solid support 

C - 1.3.1 Structure of Langmuir-Blodgett films 

The structure of the LB films was investigated by SEM. There is an obvious difference 

between the LB film of Z3 particles prepared without and with arachidic acid (Figure 45).The 

former assures a continuous layer of somewhat aggregated particles. FZ3-A10 satisfies more 

the criterion of monoparticulate film, but with gaps in the structure (filled with AA). 

 
Figure 45: SEM picture of FZ3 monolayer and FZ3-A102 two-layered LB films. 

LB monolayers of larger ZnO particles have domain structure the same as it was observed 

previously for silica particles
(30)

. The hexagonal close-packed arrangement in narrow size 

distribution samples like Z225, Z267 and Z360 is composed of small domains. The particles 

are less closely packed, and most of them has less than six neighbours in other samples of 

broader size distribution (Figure 46). Second and further layers in multilayered LB films of 

these large particles were found to be even less closely packed (SEM, n.sh.). 

a b 



Part C : Results and discussion 

 C – 1 Structural and microstructural characterization of ZnO-based nanomaterials 

79 

 

 
Figure 46: SEM pictures of FZ267 and FZ110 LB monolayers on silicon substrate. 

The structure of complex LB films is illustrated on some examples in Figure 47. The tiny Z3 

particles can not be observed at the magnification of these pictures, but their effect on the 

close-packed silica structure is visible. For F6/a, the arrangement of silica particles is not 

disturbed since the ZnO layers are deposited on the top. The arrangement of silica particles is 

however perturbed by the ZnO layers deposited between silica layers for F6/b. The structure 

of FSz is a peculiar one: the Z3 particles could not form a continuous layer on the 96 nm 

diameter silica particles because of the very important difference in size. In the fourth picture, 

the hexagonal packing of S96 particles can be seen under the less closely packed Z110 layer 

for sample F2/a. 

 
Figure 47: SEM picture of some complex LB films. 

Mixed films of ~100 nm diameter silica and ZnO particles were deposited on glass substrate. 

Langmuir films with higher ZnO content (no segregation) yielded homogeneous films (FR17, 
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FR10, FR3), but at higher silica content the transfer was hindered by the cracking of the film. 

Separated cracked flakes could be seen on the substrate. 

C - 1.3.2 Structure of films and membranes prepared by dip coating and slip 

casting 

The film obtained by dip coating from precursor sol Z3m is only 30 nm thick. The more 

concentrated Z3mc gave rise to 150 nm thick film after 5 successive deposition steps. On the 

top of the films annealed at 350°C, scarcely spread crystals can be seen, which were identified 

as Li2CO3 (from XRD performed on equivalent PZ3m350 powder). These crystals could be 

eliminated washing twice the layer (and the powder to get PZ3mW500) with ethanol before 

annealing at 500°C. The SEM pictures of FZ3m and FZ3mc5 show tiny particles of nearly 10-20 

nm (Figure 48). Only crystalline phase in the X-ray diffractogram of the PZ3mW500 powder is 

hexagonal wurtzite ZnO with 10 nm mean crystallite size. 

  
Figure 48: SEM pictures of FZ3m and FZ3mc5 films prepared on glass substrate by dip coating. 

The structure of the thin films and membranes prepared from CS sol is presented in Figure 

49. The thickness of the thin film is ~500 nm, and that of the membrane top layer is 1.5 μm. 

 
Figure 49: SEM picture of FCS thin film and TCS membrane. 

The layers prepared by dip coating or slip casting are smooth and homogeneous without 

cracks. The composition of the membrane top layer was found  to be  20/80 Si/Zn atomic ratio 

with EDX. The lower ratio observed in the case of the membrane (as compared to the 

powder) can be explained by the suction phenomenon occurring during the deposition on the 
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porous substrate. One part of the ZnII species still in solution was separated from the ZnO-

coated silica colloids and deposited on the grains of the porous substrate. Infiltration of 

approximatively 1 micron in depth could be observed on SEM pictures. The porous texture of 

TCS was studied by N2 adsorption/desorption isotherm (Figure 50). 

 
Figure 50: N2 adsorption/desorption isotherm of TCS on the top of tubular alumina substrate 

(Pall Exekia, 200 nm pore-sized top layer) 

It can be deduced that the SiO2/ZnO layer is mesoporous with pore sizes in the range 4–10 nm 

and a mean pore size equal to 6 nm. Excluding the macroporosity of the substrate, the 

estimated porosity of the layer (Ptot) is low: ∼15%. 

C - 1.4  Conclusion on the structure of ZnO-based nanomaterials 

ZnO particles with mean diameter between 3-410 nm were synthesized using procedures 

described in the literature. Good agreement was found in the properties of Z3 particles with 

previous reports (ripening in time and under ultrasonication, size-quantized effects) and 

additional observations were made on aggregation/desaggregation of the particles in organic 

media. Important porosity was revealed inside larger ZnO particles (not described in the 

literature) that was investigated with several methods (TEM, N2 adsorption/desorption, 

density measurement, SAR). The amount of the total particle porosity is between 30-40% and 

it is partially closed (10-25%). A novel synthesis route for core/shell silica/ZnO nanoparticles 

in aqueous medium was elaborated; the possibility of surface modification of silica particles 

by ZnII species as well as charge reversal was confirmed by model suspensions investigated 

by zetametry. 

Langmuir films of ZnO particles were prepared for the first time at the air-water interface. 

Changes in the structure of Langmuir films were induced by the addition of arachidic acid 

surfactant. Z3 particles formed continuous, but aggregated (not strictly monoparticulate) layer 

upon compression. The introduction of appropriate amount of AA (~10%) was effective in 

preventing the aggregation during the evaporation of the solvent. The same surfactant caused 

segregation in the film of Z110 particles. Native particles of Z110-410 gave rise to 

homogeneous, monoparticulate films at the air-water interface. The idea of mixed Langmuir 

films containing ZnO and silica particles of nearly the same size was tested in preliminary 

experiments. At important excess of ZnO (number of ZnO particles ~3-10 times higher than 

dmean = 6 nm 

Ptot = 15% 
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that of silica), homogeneous layers were obtained, but increasing amount of silica resulted in 

highly cohesive layers, in which segregation of the different type particles occured. 

 Langmuir-Blodgett films on glass, quartz and silicon substrate were elaborated for the first 

time using ZnO nanoparticles. Continuous, though not strictly monoparticulate films were 

obtained from native Z3 sols; monoparticulate, though not strictly continuous films were 

tailored using AA additive in 10%. The LB films of larger ZnO particles were 

macroscopically homogeneous and continuous. The small domains observed for sols with low 

polydispersity (<8%) transformed into an irregular packing for samples with higher 

polydispersity. The realization of complex LB films by alternative deposition of silica and 

ZnO particles was successful, and mixed films containing Z110 and S96 in the same layer 

were also prepared. The homogeneity of the mixed LB film was determined by the related 

Langmuir film. 

Z3 sol was adapted for dip coating by means of washing and concentrating. The resulting thin 

film needed further washing with ethanol in order to eliminate by-products of the reaction. 

Mesoporosity could not be introduced by means of liquid crystal mesophase templating 

because of the elevated size of the particles (> 5 nm). It is the same situation for the core/shell 

silica/ZnO sol. It was suitable, however, for the deposition of continuous, homogeneous and 

crack-free layers on the surface of glass and porous alumina substrates. 

 

C - 2 Functional characterization of ZnO-based thin films 

Functional characterization of the elaborated materials was carried out to confirm their 

multifunctional character. The simple, complex and mixed LB films were concieved for 

application as antireflective and self-cleaning coating. The ZnO-based porous ceramic 

membranes were elaborated for coupling separation and photocatalysis or separation and 

chemisorption. The functionalities were studied separately, and preliminary experiments were 

carried out to investigate coupled separation and photocatalysis. 

C - 2.1   LB films with self-cleaning and antireflective properties 

LB films were studied by spectroscopic techniques (UV-Vis, ellipsometry, XRR) to get 

information about the actual optical properties and the relation of them to the structure of the 

films and the particles. The self cleaning property was elucidated by photocatalytic test: 

degradation of methyl orange dye in aqueous solution in contact with the LB film and under 

direct UV illumination. The photocatalytic activity of the films is interpreted in view of their 

structure. By that means, one should be able to design multifunctional LB films of these 

nanoparticles with optimal combination of the properties via the structure. The mechanical 

stability of thin films prepared by the wet colloidal chemistry route is not high when these 

synthesis methods do not include final consolidation by thermal treatment. However, in the 

case of thin films designed for outdoor application, the mechanical stability is an additional 

point to investigate and improve. Attention was paid, therefore, to the injuries caused in the 

film during photocatalytic application, and three methods of protection were investigated. 
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C - 2.1.1 Optical properties of LB films 

Transmittance spectra of one to five layered LB film of Z3 particles with 10 wt% AA is 

shown in Figure 51. Evaluation of the band gap values proved that Z3 particles conserve their 

size-quantized property when transferred onto solid substrate by the Langmuir-Blodgett 

method. Heat treatment at 400°C was applied in order to elucidate its effect on the particle 

size of fine nanoparticulate film. The band gap of the particles in thin film was evaluated from 

the absorbance spectra (n.sh.) before and after  heat treatment. Eg
*
 of the particles in the sol 

was 3.58 whereas in the LB film it decreased to 3.50±0.02. After heat treatment, the band gap 

energy was 3.35±0.02, practically the usual value for bulk material. 

   

Figure 51: Size quantized properties of Z3 particles in LB films; a) UV-Vis transmittance 

spectra of FZ3-A101-5 and FZ3-A105-400 LB films and b) fluorescence spectra of FZ32. 

Transmittance spectra of FZ31-5 is presented in Figure 52a. The band gap values are nearly 

equal to those for FZ3-A101-5 showing the conservation of size-quantized properties in this 

case, too. There is a slight difference between the UV-Vis spectra of FZ3 and FZ3-A10: the 

former contains more ZnO, but the difference in absorption is less then 20%. For films FZ110 

and FZ110-A(1-10), however, the difference in the UV-Vis spectra is considerable (Figure 52b). 

The films become white with increasing AA content, which indicates the inhomogeneity 

caused by segregation. The loss of homogeneity is showed by the disappearance of 

antireflectivity in the UV-Vis spectra. According to the low effective refractive index of the 

porous particles the LB films of Z110-410 show antireflectivity (increase the transmittance of 

glass substrate in a broad range of wavelengths), though the reflection and scattering increase 

with the size of particles. For Z360 and Z410 the AR property is completely extinguished 

(Figure 52c). Interference bands can be observed for Z225-Z410 at wavelength ~380 nm, 

~410 nm, ~500 nm and ~670 nm
(195)

,
 
which provide LB films with angle-dependent coloured 

reflection. On the transmittance spectra of multilayered Z110 films (Figure 52b) one can see 

the extinction of AR property above three layers. It can be announced that the best AR effect 

with pure ZnO LB film was obtained for FZ1101 because of its high porosity and moderate 

thickness. It can be assumed that particles of similar porosity with smaller diameter would 

yield even better antireflective coatings because of reduced scattering and the interference 

fringe shifted to the UV wavelength region. However, the synthesis method of Seelig et al. 

could not provide them. 

a b 



Part C : Results and discussion 

 C – 2 Functional characterization of ZnO-based thin films 

84 

 

   

   
Figure 52: UV-Vis transmittance spectra of a) FZ31-5, b) FZ110-A(1-10) c) FZ110-4101 and d) 

FZ1101-4 LB films. 

The coloured reflection of LB monolayers of larger ZnO particles and other optical 

phenomena (diffraction, multiple internal reflections) are showed in photographs (Figure 53). 

 
Figure 53: Photographs of LB monolayers on glass and silicon substrate of Z225, Z267 and 

Z360 nanoparticles. 

X-ray reflectometry (XRR) was carried out on films FZ3-A101-2 and FZ110-410 (Figure 54a). 

Nevertheless, this characterization technique is appropriate for films with surface roughness 

less than 4 nm, therefore only the films composed of tiny particles could be analysed. 

Thickness of 2.4 nm and 4.3 nm and electronic density of 0.405 e.Å
-3

 and 0.429 e.Å
-3

 were 

a b 

c d 
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obtained for FZ3-A101 and FZ3-A102, respectively. Since the electronic density of crystalline ZnO 

is 1.53 e.Å
-3

, the low effective thickness and electronic density of the layers is a consequence 

of voids among the particles, which are filled with AA.  

Porosimetry coupled with ellipsometry was performed on ZnO LB monolayers. The 

application of this technique was unsuccessful for the fine layer of FZ3-A101-2, but could be 

appropriate for the optical investigation of thicker ZnO films. Figure 54b shows the change in 

the effective refractive index and the effective film thickness (contraction under capillary 

forces) during ethanol adsorption and condensation. The character of isotherms is the same as 

for the N2 adsorption/desorption isotherms of the corresponding powders: open mesoporosity 

was revealed for the film of particles Z267 and Z360 (n.sh.), rather non-porous character was 

observed for smaller particles (Figure 54c).  

 

 

 

 

Figure 54: a) XRR performed on ZnO LB films; b) ellipsometric porosimetry measurement of 

FZ267 showing the RI and the thickness of the layer vs. the ethanol relative pressure; c) 

ellipsometric porosimetry of the films FZ110-Z267 and d) model providing the best fit of the 

spectroscopic ellipsometry measurement of FZ110. 

The values of effective film thickness showed, however, an increasing deviation from the 

known particle diameter with increasing particle size (Table 19). This was presumed to be the 

result of scattering: the measurements for ZnO particles larger than 200 nm are no more 

reliable. Sample FZ1101 was studied also by spectroscopic ellipsometry, which by means of a 

sophisticated fitting software could assess non-monotonous linear change of the refractive 

index in depth. The best fit indicated a film thickness of 116 nm and a maximum refractive 

index of 1.46 at a distance of 74 nm from the substrate.  

a 

b 

c 

d 



Part C : Results and discussion 

 C – 2 Functional characterization of ZnO-based thin films 

86 

 

The results of all the ellipsometric measurements are summarized in Table 19. While data 

obtained for FZ110 and FZ172 are in good agreement with SAR investigations, deff values 

obtained for larger particles as well as particle effective refractive indices computed with L-L 

formula are not reasonable. The closed porosity of the particles (Pp,c) and of the LB 

monolayer (Ptot) was estimated for Z110 and Z172 samples from the effective refractive index. 

In the case of Z110, the maximum value of the refractive index function obtained from 

spectroscopic ellipsometry measurement was defined as the particle refractive index. It may 

be higher if the particles are not strictly closely packed. Ellipsometric porosimetry would 

enable us to assess the open mesoporosity of the film using the loop of the ethanol 

adsorption/desorption isotherm, but the t-curve of the system (thickness of adsorbed ethanol 

layer on th surface of non-porous ZnO material vs. relative pressure of ethanol) should be 

known. Such t-curve was not found in the literature. 

Sample nLB1,eff np,eff deff (nm) Pp,c (%) Ptot (%) 

Z110 1.1916 1.328 137   

Z172 1.3047 1.540 173 37 62 

Z225 1.508 1.978 161   

Z267 1.6415 2.332 155   

Z360 2.550 - 84   

Z110 (sp.e.) 1.263 1.460 116 45 67 

Table 19: Results and evaluation of ellipsometric porosimetry and spectroscopic ellipsometry 

(sp.e.) measurements. Bold numbers are directly measured values, the others are calculated 

using the effective medium approach (L-L formula). Unreal values were underlined. 

Complex films using silica and ZnO particles were build up to provide tiny ZnO particles 

with antireflective property and broaden the antireflective wavelength range of Z110 film. 

Mixed films were also prepared from Z110 and S96 for the same reason. Their transmittance 

spectra are presented in Figure 55. Except for light absorption at 360 nm, Z3 particles only 

slightly modify the optical properties of FS373. With introduction of 6 layers of Z3 particles, 

the transmittance still exceeds 95% in almost all the visible and near infrared (NIR) range. 

The reflection reducing effect of two-layered complex films is very high in the NIR range. In 

their case, the width of AR wavelength region is lower than that of FZ1101. However, when 

compared to the two layered FZ1102 (same film thickness than F2/a-c) the improvement of AR 

effect (widening of AR wavelegth region and higher maximum transmittance value) by the 

integration of silica particles becomes clear. Mixed films have slightly increased transmission 

over all the spectral range: it is due to the lower effective refractive index as a consequence of 

the replacement of some ZnO particles by silica. This means that tailoring of transmittance 

spectra was achieved by the fine-tuning of the thin film RI index. 
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Figure 55: UV-Vis transmittance spectra of a) F6/a-c b) F9/a-c c) F2/a-c and d) FR17-3 

complex and mixed LB films 

The UV-Vis spectra of complex films were fitted with the gradient refractive index model of 

Hild et al.
(219)

. The results of the fitting are reported in Table 20.  

Sample d (nm) neff g χ
2 

(10
-7

) 

F6/a 116 1.300 1.104 6.7 

F6/b 119 1.329 1.054 2.3 

F6/c 115 1.341 1.006 2.8 

F9/a 132 1.346 1.061 1.1 

F9/b 127 1.344 1.034 1.8 

F9/c 145 1.311 1.001 0.5 

F2/a 165 1.371 1.057 1.1 

F2/c 175 1.356 1.044 0.5 

Table 20: Results of the fitting of UV-Vis spectra of complex LB films. The obtained 

parameters are the thickness of the film (d), the effective refractive index (neff), and the 

inhomogeneity factor (g). χ
2
 is the sum of deviation squares between the fitted line and 

experimental data. 

a b 

c d 
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As a matter of fact, the thickness of multilayered LB films is always lower than the sum of the 

diameter of the constituting particles (129 nm for F6/a-c, 147 nm for F9/a-c and 206 for 

F2/a-c). This is in good agreement with previous observations for silica LB films
(28)

 and 

shows the interlocking of neighbouring layers. The effective refractive index of the films is 

between 1.30-1.37. These values are higher than those, observed previously for multilayered 

silica LB films (1.20-1.31)
(28)

 because of the presence of ZnO. The increase in the average 

value of RI is unfavourable for an ideal antireflection effect, but the gradient induced by the 

inhomogeneous distribution of ZnO layers in the film may render its presence advantageous. 

The inhomogeneity factor (g) always being higher than 1 indicates a refractive index that 

increases in the layer from the layer-substrate interface to the layer-air interface (unfavourable 

for antireflectivity). However, this value is minimized by a decreasing ZnO content from the 

substrate to the air (structure ―c‖, highest transmittances in Figure 55a-c). The parameters 

evaluated by the fitting of gradient layer optical model confirmed from all point of view the 

expected structure and optical properties of complex LB films. 

C - 2.1.2 Photocatalytic properties of LB films 

Photocatalytic activity of the elaborated materials was investigated using two dyes: methyl 

orange (MO) and methylene blue (MB). The first molecule is negatively charged, therefore it 

is expected to adsorbe on positively charged ZnO surface below the isoelectic point of the 

oxide (pH ≈ 9). Methylene blue is a cationic dye, its significant adsorption to ZnO is not 

expected at the pH of the MB solution, but the adsorption experiments (n.sh.) carried out on 

PCS500 (MB) and PZ172 (MO) showed important adsorption of MB (~50% in 24 h) and slight 

adsorption of MO (~15%). The high affinity of MB to the ZnO surface can be explained by 

specific interactions between the polarizable groups of the aromatic ring and the polar facets 

of ZnO crystallites. Figure 56 shows the photodegradation of MB and MO on ZnO LB films. 

Comparison cannot be made between tests performed under different conditions presented in 

Figure 56a and Figure 56b. But if experimental conditions (dye, concentration, catalyst film 

and light source etc.) are the same (e.g. curves in Figure 56b), the use of specific degradation 

values (total degradation/LB film area [%.cm
-2

]) enables us to compare the photoactivity of 

slightly different sized samples.  

 
Figure 56: Specific degradation of a) methylene blue (38 mg.L

-1
) on sample FZ3-A10 

illuminated with UV1 and b) methyl orange (5.5 mg.L
-1

) on samples FSz, FZ110 and FZ225 

illuminated with UV3. 

a b 
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Calculated ZnO mass and surface in the samples are given for for guidance (Table 21). The 

calculation was made assuming an ideal close-packed structure of the LB films and dense 

particles for sample Z3. The values for Z110 and Z225 were calculated using the density and 

BET surface area (SBET) evaluated for Z172 from pycnometer measurement and N2 

adsorption/desorption (Table 11).  

The photoactivity of Z3 particles in one layer (FSz) is lower than it is expected knowing their 

relatively large surface area. The reason for it can be a smaller available ZnO surface area due 

to aggregation as well as slow dissolution of ZnO (8.3×10
-5 

kg ZnO is dissolved in 10 mL of 

water of pH 6.5) helped eventually by UV irradiation (photocorrosion)
(122)

, which affects the 

activity of small ZnO particles more than that of large ones because of the small mass of ZnO 

in film FSz.  

Sample 
ZnO mass 

(kg) 

ZnO surface 

(cm
2
) 

FSz 6.61×10
-10

 2.36 

F6/a-c 2.0×10
-9

 7.08 

F9/a-c 4.0×10
-9

 14.16 

F2/a-c, FZ110 1.2×10
-8

 4.12 

FZ225 2.45×10
-8

 4.12 

Table 21: Calculated mass and surface of ZnO in the corresponding LB films. The particles 

were supposed to be closely packed and dense (Z3) or porous (Z110, Z225) with properties of 

Z172 particles. 

In fact, both organic dyes are acidic in solution, and in this study the photocatalytic activity of 

films was investigated in contact with native dye solutions: pH was not set in the basic region 

(pH 8-12) that could probably have prevented all deterioration of the kind. The changes 

induced in the optical properties of complex LB films were examined after the photocatalytic 

tests (shown in Figure 57a-c, degradation under same conditions than in Figure 56b) and next 

the possibility of recovery of ZnO via drying (105°C) or annealing (500°C) was studied 

(FX/a, Figure 57d-e).  

Slight degradation of methyl orange in 5.5 mg.L
-1

 aqueous solution is observed under UV-

light (3.7% of loss after 3 h). In the presence of FS372 total degradation rises to nearly 6%. 

Yet, these values are negligible considering the total degradation of 72% (in 3h) for sample 

F6/a, 90% (in 2h) for sample F9/a, and finally 80% (in 3h) for sample F2/a. For samples 

F6/a-c and F9/a-c position of the tiny ZnO particles has a definite effect on the 

photodegradation activity.  
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Figure 57: Photocatalytic degradation of methyl orange in 5.5 mg.L

-1
 aqueous solution under 

UV3. The specific degradation is the decrease in absorbance of the dye (%) related to 1 cm
2
 

of the film immersed into the solution: a) F6/a-c b) F9/a-c* c) F2/a-c and the transmittance 

spectra of the films d) F6/a e) F9/a and f) F2/a before and after the test an finally after 

drying.*MO is the degradation of the dye without immersed layer, the total degradation values were divided in 

this case by the average film area: 6.25 cm
2
. 

As can be seen in Figure 58a, the photocatalytic performance is better for those complex 

films in which the ZnO layers are located in the outer part of the films (F2/a, F6/a, F9/a). 

Inner ZnO layers are probably less accessible for the dye solution. One can also observe that 

the degree of degradation increases with increasing number of ZnO layers but not with 

increasing ZnO mass showing the importance of surface area of the photoactive component in 

the degradation. The difference between FSz and F6/a can be explained in terms of the non-

continuous structure of the Z3 layer on the top of S96 film. Attempts were made for the 

evaluation of apparent rate constant (k’) in the case of simple and complex LB films using Eq. 

a 

b 

 

c 

d 

e 

f 



Part C : Results and discussion 

 C – 2 Functional characterization of ZnO-based thin films 

91 

 

18. The values ln(At/A0) (where At is the absorbance of the dye solution at 664 nm after t time 

of irradiation and A0 is the initial absorbance of the dye solution) were plotted against the 

irradiation time (Figure 58b-c). In case of pseudo-first order reaction kinetics, there is linear 

relationship between these two variables and k’ corresponds to the negative of the slope. For 

single and complex LB films, the value of k’ was situated in the range between 0.002-0.02 

min
-1

. Nevetheless, for several samples the condition of linear relationship was satisfied only 

at short times (the evaluation was made accordingly) (e.g. sample F9/c in Figure 58c). 

 

   
Figure 58: Comparison of the photocatalytic activity of simple and complex LB films: a) the 

specific degradation values (Dsp) after 120 min. of irradiation; b) ln(At/A0) vs. the irradiation 

time for FZ225105; c) ln(At/A0) vs. the irradiation time for nine-layered complex LB films; d) 

repetition of the photocatalytic test on F6/a and FZ110 LB films. 

The absorption edge of ZnO (360 nm) is notably diminished after the test for each sample 

(Table 22). It implies significant amount of ZnO dissolved in water. Additional experiments 

confirmed this observation: F6/a samples were irradiated for 3 hours in air and in pure 

distilled water (n.sh.). Significant absorbance decrease was noticed only for samples which 

were immersed into water during irradiation. Due to dissolution 10-14% increase in 

transmittance at 360 nm was observed for all complex films after 3 hours of photocatalysis. It 

means, however, the quasi-total decomposition of the ZnO content for samples F6/a-c. This 

observation was further examined repeating the photocatalytic test on samples F6/a and FZ110 

(Figure 58d). It is clear that photocatalytic activity of samples drops to a lower level after 3 

hours of use, though the change induced in sample FZ110 is more moderate. 

 

c 

 

d 

 

b 

 

a 
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F6/a F6/b F6/c F9/a F9/b F9/c F2/a F2/c 

1 74% 74% 81% 68% 75% 69% 45% 46% 

2 89% 88% 85% 76% 78% 79% 53% 52% 

3 91% 98% 90% 76% 79% 78% 54% 53% 

Table 22: Transmittance values of complex LB films at the absorption edge (local minimum 

on the derivative spectra) after 1) preparation 2) photodegradation test 3) heat treatment at 

105°C or 500°C. 

In conclusion, the photocatalytic activity of F9/a was found to be the highest of all the LB 

films built up in this work due to its high available ZnO surface, though the lifetime of the 

films containing larger ZnO particles was longer. 

C - 2.1.3 Mechanical stability and functional properties of the films 

Three methods of surface modification were applied in this study, and their effect on the 

mechanical stability, optical properties and photocatalytic activity of the LB films was 

explored. The results of mechanical stability tests carried out on native and surface modified 

FZ225 films are summarized in Figure 59. They show the stabilizing effect of temperature at 

300°C and the synergy of MTS modification and annealing. 

     
Figure 59: Relative absorbance values (100*At/(A0-As)) obtained after 5 min. of 

ultrasonication in ethanolic bath of native and surface modified FZ225 samples. The films were 

treated at a ) 105°C or b) at different temperatures after surface modification. 

MTS modification with longer UV irradiation time gave, however, significant increase in 

mechanical stability of LB films without further heat treatment (Figure 60). While ZnO 

particles were completely eliminated from the surface of the substrate after 15 min. of 

ultrasonication for native FZ110, there remained still ~30% of ZnO in sample FZ110M15 after 

30 min. of US bath (Figure 60b). The surface modification was most effective for the 

monolayer of silica particles (Figure 60a). In Figure 60c-d the progressive degradation of the 

two-layered complex LB film F2/a can be observed without and with MTS modification. The 

former seems to loose ZnO content in the first 2 minutes followed by a slower degradation of 

silica layer. There is an obvious change in the degradation mechanism for the later, where the 

a 

 

b 
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ZnO particles are eliminated together with silica particles and in a much slower rate than for 

unmodified sample. These experiments suggest that silica surfaces (particle-particle and 

particle-substrate) are more likely to be bonded to each other with siloxane chains than to 

ZnO, but the surface modification is effective for ZnO as well, either directly on the surface 

of glass substrate or on the top of a silica LB layer.  

 

 
Figure 60: Changes in the transmittance spectra of a) FS100M15 b) FZ110M15 c) F2/a and d) 

F2/aM15 under the effect of ultrasonication. 

A decrease of few percents was observed in the transmittance spectra of the LB films for each 

surface modifications (n.sh.) but the samples conserved their antireflective property.  

The photocatalytic activity of LB films was not affected by TEOS and MTS modification. 

The Dsp value was around 11 %.cm
-2

 for FZ110T1, FZ110T2, FZ110M (slightly higher for 

FZ110M15, Dsp = 13.7 %.cm
-2

) and it remained ~12 %.cm
-2

 for FZ225300. Heat treatment at 

500°C induced a decrease in photoactivity (Dsp = 7 %.cm
-2

), which is probably due to 

recrystallization of ZnO (decrease in ZnO surface). Repeated photocatalytic tests were carried 

out on samples FZ110M15 and F2/aM15 (Figure 61). A better performance of surface modified 

samples was observed at long-term use. 

a 

 

b 

 

c 
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Figure 61: Repeated photocatalytic tests on a) FZ110 b) FZ110M15 c) F2/a and d) FZ2/aM15. 

C - 2.1.4 Conclusion on multifunctional ZnO-based LB films 

Multifunctional films with both antireflective and self-cleaning property were succesfully 

prepared by the LB method. Tiny (3 nm) ZnO nanoparticles could be integrated in 

antireflective LB films of SiO2 particles without deterioration of the film transparency in 

visible region. Optical evaluation confirmed the establishement of gradient refractive index in 

the 6 and 9 layered complex films with smooth decrease of RI from the substrate to the air. 

The best AR effect was obtained for films F6/c and F9/c (decreasing ZnO content from the 

substate to the air). The presence of ZnO provided photocatalytic activity for the complex 

film, and the alternating layer structure favoured the availability of ZnO surface. The highest 

photocatalytic activity was observed for films F6/a and F9/a. The expected lifetime of the 

films increased with the ZnO mass in the film, therefore optimum properties were found in 

sample F9/b. 

LB films of Z110-410 particles showed complex optical properties. An important absorption 

of UV light was the result of higher ZnO mass in these films. At higher wavelength (photonic 

band  at 380-670 nm depending on the particle size) reflection was predominant due to the 

alternance of high and low refractive index regions and, finally, antireflectivity was provided 

in the visible-near infrared region  as a result of homogeneous porosity inside the particles. 

The partially opened porosity of the particles was favourable for photocatalytic use: the 

photocatalytic activity of a single LB film FZ110 equaled almost that of F9/a, and its expected 

lifetime is much higher. Optical properties of FZ110 were slightly changed and photocatalytic 

activity rather improved by the introduction of a silica sublayer (F2/a). A definite 
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improvement of the optical properties was achieved by the preparation of mixed film of S96 

silica and Z110 ZnO particles, but a higher silica content would be required for real 

significance. The optimum of functionalities in this case was found the monolayer of ZnO 

particles with highest porosity inside the particles and smallest particle size (Z110). Otherwise 

an optimum should be defined for each particular application depending on its requirements. 

The mechanical stability of the LB films was improved by the establishement of siloxane 

bridges between the particles and between the particles and the substrate. This treatment – 

applied for the first time to LB films – was most effective for silica monolayers and could 

increase the stability and the lifetime of FZ110 and F2/a during photocatalytic tests. 

C - 2.2  Porous ceramic membranes for separation coupled with photocatalysis or 

chemisorption 

C - 2.2.1 Membrane properties 

The evolution of pure water flow versus transmembrane pressure is shown in Figure 62a.  

 
Figure 62: a) Water flow versus transmembrane pressure; b) rejection rate vs. solute 

molecular weight.  

The membrane permeability was determined from these results assuming a linear 

transmembrane pressure in the porous support and in the separative layer (Figure 63).  

 
Figure 63: Sketch of the transmembrane pressure with simplified structure of the membrane. 

 

a 

 

b 
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At steady state flow (J, [m
3
.m

-2
.s

-1
]): 

𝐽 =
𝐹𝑀

휂𝐿𝑀
 𝑝𝐼 − 𝑝𝐼𝐼𝐼 =

𝐹𝑡

휂𝐿 𝑡
 𝑝𝐼 − 𝑝𝐼𝐼 =

𝐹𝑠

휂𝐿𝑠
 𝑝𝐼𝐼 − 𝑝𝐼𝐼𝐼 ,  (34) 

where Fi is the permeability of layer i [m
2
], Li is the thickness of layer i [m], η is the fluid 

viscosity, pI is the pressure inside the membrane, pII is the pressure at the layer-support 

interface and pIII is the pressure outside the membrane. Thicknesses are additive (LM = Lt + 

Ls) and for the permeability: 

𝐿𝑀

𝐹𝑀
=

𝐿𝑡

𝐹𝑡
+

𝐿𝑠

𝐹𝑠
  (35) 

Thus, the permeability of the top layer can be obtained: 

𝐹𝑡 =
𝐿𝑡

𝐿𝑠+𝐿𝑡
𝐹𝑀

+
𝐿𝑠
𝐹𝑠

  (36) 

The resulting value of Ft is 7.4×10
-20

 m
2
 which is slightly lower than the value calculated 

from the porous characteristics measured for the membrane (PCS = 15%, SBET = 36 m
2
.g

-1
 and 

ρCS= 2.603 g.cm
-3

 calculated for Zn/Si at. r. = 20/80 according to EDX measurement) and 

using the Carman–Kozeny equation (Eq. 8 in Part A-1.2.2.1)
(10,228)

: 10
-19

 m
2
. This discrepancy 

can be explained by the limited infiltration of the layer inside the porous substrate which 

induces an increase of the effective thickness of the membrane. 

Retention data were determined using PEG and Dextran® solutions.The results are presented 

in Figure 62b. The membrane molecular weight cut-off (MWCO) was evaluated from the 

retention curve. It is equal to 53 kDa. An empirical relation exists between the filtration pore 

radius (Rf , [nm]) and the experimental membrane cut-off determined with PEG solutions
(229)

: 

𝑅𝑓 = 0.0480 ∙ 𝑀0.384   (37) 

The filtraton pore size of TCS membrane is 3.1 nm according to the above relation. This means 

that the filtration properties of the membrane are determined by the bottlenecks between the 

CS particles (Figure 64).  

 

Figure 64: Sketch of the bottleneck situated between spherical particles of size Rp and the 

maximum hydrodynamic radius (Rf) of solute that can pass. 
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The value of Rf expressed by Rp is: 

𝑅𝑓 = (
2

 3
− 1)𝑅𝑝   (38) 

According to the particle diameter estimated by SEM (30-40 nm), the filtration pore size is 

1.6-3.1 nm, which is in agreement with the experimental MWCO. This SiO2/ZnO membrane 

can be classified as an ultrafiltration membrane. 

C - 2.2.2 Photocatalytic properties of films and membranes 

The photocatalytic activity of the membrane top layer was tested using equivalent thin films 

(Figure 65). Thin film FCS immersed into MB aqueous solution degraded 90% of the dye in 

less than 9 min. It was found to be more active than mono- and multilayered LB films (FZ31-

3) of Z3 particles and also dip coated thin film of Z3m washed and annealed at 500°C. The 

difference in activity is probably caused by a difference in the available ZnO surface area in 

the films (e.g. there is no difference in the activity of 1 and 3 layered LB film of Z3 particles 

because of the screening effect of outer layers). The mineralization of stearic acid (SA) coated 

on  the surface of FCS requires more than half an hour which is more than 100 times longer 

than previously observed for highly photoactive titania layers with comparable thickness and 

a higher porosity (higher amount of adsorbed SA per surface area unit)
(230)

. It must be here 

underlined that the photodegradation efficiency of a porous thin layer does not only depend 

on the intrinsic photoactivity of the solid. It depends also on the internal mass transfer within 

the porous photocatalytic thin film
(230,231)

. 

 
Figure 65: Photocatalytic degradation of a) methylene blue in aqueous solution (38 mg.L

-1
) 

in contact with FCS, FZ3-A101, FZ3-A103 and FZ3m1-500 and b) stearic acid coated on the surface 

of FCS irradiated by UV1. 

Additional investigations were performed with diffusion experiments of MB across a 

macroporous alumina support whose grains were coated with the SiO2/ZnO layer (DCS). The 

evolution versus time of the concentration of MB in the reception tank is given in Figure 66a.  

a 

 

b 

 



Part C : Results and discussion 

 C – 2 Functional characterization of ZnO-based thin films 

98 

 

 
Figure 66: Photodegradation experiments on DCS in a diffusion cell; evolution vs. time and 

UV irradiation of the MB concentration in the reception tank using light source UV2 a) in 

steady state and b) alternate mode. 

The diffusion coefficient of MB (D) through the membrane was determined from the 

evolution of the concentration without irradiation. When the concentration gradient is linear 

in the membrane, the flux of molecules across the membrane (J) can be written by Fick’s first 

law: 

𝐽 = −𝐷
𝑑𝐶

𝑑𝑥
= 𝐷

𝐶𝑓(𝑡)−𝐶𝑟 (𝑡)

𝑒
,  (39) 

where Cf(t) and Cr(t) are the concentration of dye in the feed and reception tanks and e is the 

thickness of the membrane. At constant volume in the feed and reception tanks (Cf(t) = Cf,0-

Cr(t)) and zero initial concentration in the reception tank, the quantity of MB in the reception 

tank (nr(t) = V·Cr(t)) at time t is: 

𝑛𝑟 𝑡 =  𝐽 ∙ 𝑆𝑑𝑡 =
𝑡

0
 

𝑆∙𝐷

𝑒
(𝐶𝑓 ,0 − 2𝐶𝑟(𝑡))𝑑𝑡

𝑡

0
,  (40) 

 where S is the surface of the membrane open to the flux. The diffusion coefficient can be 

expressed therefore: 

𝐷 =
𝑉∙𝑒

𝑆
∙

𝑑𝐶𝑟 (𝑡)

𝑑𝑡

𝐶𝑓 ,0−2𝐶𝑟 (𝑡)
,  (41) 

An exponential function of the form y = A(1-e
-Bt

) was fitted to the experimental Cr(t) curve. 

Its derivative was calculated and the value of diffusion coefficient was evaluated at given t 

times (Table 23). The value of DMB is much smaller than the diffusion coefficient of MB in 

pure water (DMB,w = 4.5×10
-10

 m
2
.s

-1
)
(57)

 or the diffusion of MB across 1.8 μm pore size 

alumina membrane coated with mesoporous titania (DMB,w = 1.05-1.38×10
-10

 m
2
.s

-1
)
(57)

. This 

retention effect is attributed to a strong adsorption of the dye on the surface of the catalyst that 

has not been observed for titania. The decreasing value of diffusion coefficient is known, on 

the contrary, from titania membranes to be a result of fouling in the pores. 

 

a 
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Time 4 hours 6 hours 8 hours 

DMB 3.87×10
-11

 m
2
.s

-1
 3.49×10

-11
 m

2
.s

-1
 3.16×10

-11
 m

2
.s

-1
 

Table 23: Diffusion coefficient of methylene blue across DCS membrane at 10
-4

 mol.L
-1

 initial 

concentration in the feed tank. 

 From the change of slope corresponding to the irradiation periods for the alterative irradiation 

experiment (Figure 66b), it was possible to evaluate the quantity of destroyed MB per surface 

area unit of macroporous support. It is equal to 1.5×10
-9

 mol.s
-1

.m
-2

. This value can be 

compared with that measured with the same experimental configuration and a highly 

photoactive titania coating: 10
-7

 mol.s
-1

.m
-2

. These results evidence the lower photoactivity of 

the SiO2/ZnO layer compared to highly photoactive titania
(232)

. 

C - 2.2.3 Chemisorption on powders and membranes 

The chemisorption of H2S was carried out in a heated furnace on PCS500. The XRD pattern of 

the sulfurized powder PCSS (Figure 67a) shows a complete conversion of the ZnO into ZnS. 

This full conversion is also confirmed by the TGA analysis of the sulfurized powder under 

air. The weight loss associated with the reverse transition from ZnS to ZnO is observed 

between 600 and 800°C. The measured value (∼6%) corresponds to the expected value (5% if 

the membrane composition measured by EDX corresponds to 20/80 = Zn/Si atomic ratio) 

assuming a complete initial sulfurization of ZnO. In addition isothermal TGA measurements 

at 600°C evidenced a complete ZnO regeneration after 3 h (n.sh.). 

 
Figure 67: a) XRD pattern and b) TGA curve of of PCSS. 

From the measured porous characteristics of the TCS membrane, its H2S chemisorption 

capacity per surface per area unit of mesoporous membrane can be estimated. It is ~2.6 L 

(STP)m
-2

. 

The impact of the desulfurization treatment on the crystalline structure and on the porous 

texture of the membranes was evaluated by preliminary experiments on PCS500 treated for 5 h 

at temperatures in the range 500-800°C and PCSS-600 (Table 24). The specific surface area 

and the average pore size decrease slightly with increasing temperature up to 650°C. Above 

this temperature, a more pronounced change indicates the beginning of recrystallization and 

formation of zinc silicate phase. The corresponding X-ray patterns are grouped in Figure 67. 

a 
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Peaks of Zn2SiO4 are observed on the pattern of the sample annealed at 700°C. At 800 °C a 

mixture of ZnO, ZnSiO3 and Zn2SiO4 is obtained. At longer period of annealing (24 h), 

zincite is the unique crystalline phase in the sample treated at 600°C whereas traces of 

Zn2SiO4 can be detected for 650°C. It can be concluded that the recommended temperature 

for the regeneration of the sulfurized membrane is 600°C.  

Annealing  

temperature (°C) 

BET specific surface 

area (m
2
.g

-1
) 

BJH adsorption 

av. pore size (nm) 

PCS500 94 12.1 

PCS600 89 11.8 

PCS650 81 11.4 

PCS700 68 9.7 

PCS800 40 13.3 

PCSS-600 58 12.6 

Table 24: Characteristics of the porous texture of annealed PCS500 and PCSS-600 powder 

evaluated from N2 adsorption/desorption isotherms.  

 
Figure 68: X-ray diffractogram of annealed PCS500 powder. 

One can remark the low thermal stability SiO2/ZnO samples prepared in this study compared 

to that previously observed for SiO2/ZnO nanocomposite layers with a pure silica matrix
(233)

. 

It can be explained by the high Na content of the used silica sol which promotes sintering and 

crystallization at lower temperature. The substitution in the silica sol of the sodium ions by 

thermally degradable ammonium ions would be a possible way to improve the thermal 

stability of the prepared materials
(136)

. 
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C - 2.2.4 Conclusion on multifunctional membranes 

The permeation experiments show the adequacy of the original, ZnO-based membranes for 

ultrafiltration applications. The membrane material exhibits both photocatalytic and H2S 

chemisorption properties related to the presence of the active ZnO phase at the surface of the 

membrane pores. The quantity of destroyed MB per surface area unit of macroporous support 

for DCS was, however, lower than for mesoporous titania membranes tested under identical 

experimental conditions. This finding is explained by the lower available ZnO surface in 

silica/ZnO material. At 500°C, the whole ZnO mass was transformed into ZnS under 

hydrogene sulfide flow, and complete regeneration occured at 600°C. The properties of the 

membrane have been quantified and these parameters can be used to evaluate its applicability 

as a function of the requirements related to a given application and also the scale-up of the 

purification units. 
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Conclusion and perspectives 

This work focused on the elaboration and characterization of original multifunctional ZnO-

based thin layers. The two main objectives were the preparation of Langmuir-Blodgett films 

with antireflective and self-cleaning properties and the fabrication of porous ceramic 

membranes for the coupling of separation and photocatalysis or gas filtration and H2S 

chemisorptions. 

Two synthesis procedures of ZnO organosols were adopted from the literature, as they yielded 

properly „pure‖ samples (without additives) for investigations in a Wilhelmy film balance. A 

novel synthesis procedure of core/shell silica/ZnO nanoparticles in concentrated aqueous sol 

was developed for membrane preparation, as there was no report in  the literature about 

appropriate ZnO hydrosols.  

The characterization of 3 nm diameter ZnO particles revealed size-quantized properties in 

prefect agreement with previous reports. Aggregation of the particles in the ethanolic medium 

and desaggregating effect of chloroform was evidenced by DLS method. 

Important internal porosity was discovered in larger ZnO particles with diameter between 

110-410 nm. Density measurement with pycnometer, N2 adsorption/desorption isotherms, 

SAR, ellipsometry and UV-Vis spectroscopy performed on powders, Langmuir films and LB 

films confirmed the existence of 30-40% porosity which is partially closed (10-25%). 

The surface modification of silica nanoparticles by ZnII species in core/shell silica/ZnO sol 

was confirmed by stability observations and electrophoretic mobility measurements in the sol 

as well as by EDX measurements performed on powders and membranes. 

Langmuir films of ZnO particles were prepared in Wilhelmy film balance as an intermediate 

step for LB film preparation. Transfer of 110-410 nm diameter ZnO particles from diethylene 

glycol into chloroform improved the spreading ability of the particles that gave rise to Π – A 

isotherms with well-defined „solid‖ region.  

No linear region could be identified on Π – A isotherms of 3 nm diameter ZnO particles. This 

was attributed to the aggregation of particles upon evaporation of the solvents.   

The structure of Langmuir films was characterized by Π – A isotherms, TEM and BAM 

pictures as a function of arachidic acid surfactant content. The additive (10 wt% of ZnO) was 

found to prevent the aggregation of 3 nm diameter particles during the evaporation of the 

solvent and a „solid‖ region appeared on the Π – A isotherms. Langmuir films of larger ZnO 

particles became highly cohesive upon introduction of AA, and segregation of molecular and 

particulate phases was apparent.  

Performance and optical evaluation of SAR measurements at the air-water interface permitted 

the estimation of water contact angle of the 110, 172 and 267 nm diameter ZnO particles, 

which were found to be 65°, 27°and respectively 29°. 
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Mixed Langmuir films of nearly 100 nm diameter silica and ZnO particles showed 

segregation of the different type particles that resulted in highly cohesive film structure at 

lower ZnO/silica number ratio than 3. 

Mono- and multilayered LB films of ZnO nanoparticles were prepared for the first time on 

glass, quartz and silicon substrate. The structure of the LB films was defined by that of the 

related Langmuir films. The continuous and aggregated film of native 3 nm diameter ZnO 

particles could be transformed into monolayer of separated particles with the quantity of AA 

surfactant added to the spreading liquid. Size-quantized properties of ZnO particles were 

maintained during the deposition process. 

LB films of larger ZnO particles of narrow size distribution (polydispersity < 8%) were 

constituted of small domains of hexagonal close-packed particles. The structure of LB films 

of more polydisperse particles was irregular, but continuous and macroscopically 

homogeneous. 

Complex LB films were prepared by alternate deposition of silica and ZnO particulate layers. 

Mixed LB monolayers of nearly 100 nm diameter silica and ZnO particles were prepared 

from corresponding Langmuir films. The deposition of mixtures with ZnO/silica number ratio 

lower than 3 was prevented by the cohesive nature of the layers (cracking). 

Antireflectivity was observed for LB monolayers of larger ZnO particles at wavelengths 

above ~600 nm and for complex LB films in the wavelength range between ~400-1100 nm.  

The antireflectivity of the 110-410 nm diameter ZnO films decreased with increasing particle 

size and the number of layers in the LB film. Additional optical properties of large ZnO 

particles were the intense absorption in UV region, the size-dependent partial reflection in 

visible region and diffraction.  

The antireflective wavelength region observed for 110 nm diameter ZnO monolayer was 

slightly widened by the use of an additional silica layer (two-layered complex LB films) or 

the mixture of silica and ZnO particles in the monolayer. This effect may be exploited at 

lower ZnO/silica number ratio, if the homogeneous mixing is achieved (eventual surface 

modification of one or both type of particles). 

3 and 6 layers of 3 nm diameter ZnO particles integrated into 3 layered 37 nm diameter silica 

LB films showed excellent transparency in visible and near infrared region; the 

antireflectivity of silica structure was extinguished only in the UV region at the band edge of 

ZnO. Optical modeling confirmed the achievement of in-depth gradient refractive index 

structures. 

Each LB film containing ZnO showed photocatalytic activity. The activity of 3 nm diameter 

ZnO particles was hugely enhanced by their integration into silica LB films due to better 

availability of the ZnO surface than in simple ZnO LB films. 

The (open) porosity insured high photocatalytic activity to larger ZnO particles. In their case, 

the integration into complex LB films made no significant difference. 
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Additionally, photoinduced polarity properties of ZnO particles were examined in powder by 

H2O adsorption/desorption isotherms. 

The lifetime of ZnO LB films for photocatalytic use was found to depend on the ZnO mass in 

the film: the extremely small ZnO mass in these films dissolves slowly in contact with water 

helped by UV irradiation. The chemical stability of these films would be insured in a more 

basic medium (pH~8-9). 

Mechanical strength of the LB films was improved in view of applications requiring moderate 

resistance towards mechanical impacts. Surface modification with 3-

methacryloxypropyl(trimethoxy)silane yielded silica LB films with excellent and ZnO and 

complex LB films with moderate resistance towards ethanolic ultrasonication. The surface 

modification decreased by few percents the transparency of the films, but it did not reduce in 

the least their photocatalytic activity. 

Homogeneous and crack-free thin layers were deposited by dip coating and slip casting 

methods on the surface of glass slides and porous alumina substrates from modified and 

concentrated ethanolic sol of 3 nm diameter ZnO particles and aqueous core/shell silica/ZnO 

sol. 

The investigation of permeation properties on the elaborated ZnO-based membranes showed 

their adequacy for ultrafiltration process. The experimental permeability of the deposited thin 

layer and the membrane cut-off were determined.  

The photocatalytic performance of thin layers on glass substrate and on macroporous alumina 

disk was evaluated and compared to that of mesoporous titania thin layers. The lower activity 

of ZnO materials was explained by the lower available catalyst surface in the thin films. 

Chemisorption ability of the materials was proved by complete transformation of ZnO in 

powder and membrane samples into ZnS at 500°C. The regeneration conditions were 

optimised on powder samples. 

Functional nanostructured thin films were successfully prepared using sol-gel derived silica, 

ZnO and core/shell silica/ZnO nanoparticles. The main perspective of this work consists in 

their application as self-cleaning antireflective coating and photocatalytic membrane reactor. 

However, a possible perspective is the design of thin layers for other applications, like 

photovoltaic and acousto-optic devices or sensors. Electric properties of ZnO particulate LB 

films are currently under investigation. The study of the effect of surface modification, doping 

or pH on the photocatalytic activity of ZnO via the dye adsorption would be of technological 

importance. Finally, scientific perspective lies in the enlightening of phenomena occurring 

during the preparation and characterization of Langmuir and Langmuir-Blodgett films of a 

mixture of molecules and nanoparticles or a system of different type nanoparticles.  
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Appendix I. Nanophysical and nanochemical preparation techniques 

Nanophysical techniques for thin film preparation and modification
 (1,3)

 

PVD (Physical Vapour Deposition) and CVD (Chemical Vapour Deposition) are gas phase 

deposition techniques. PVD includes evaporation, sputtering and ion plating methods. The 

first one consists in the evaporation (by heating, laser ablation or other energy source) of a 

source in vacuum and its condensation on a substrate. This technique is advantageously used 

for the preparation of one-component layers though at low T/TM (TM is the melting point of 

the target material) values the compactness and therefore the density and hardness of the films 

is poor compared to crystalline films. Starting from a metal target the conversion of metal 

film into oxide needs post-deposition high temperature annealing. The slightly modified 

technique, reactive evaporation in oxygen or nitrogen atmosphere leads to oxide or nitride 

films. Excellent quality films can be fabricated by activated reactive evaporation (ARE). In 

this case thermoionically assisted plasma is established in the reaction zone of evaporated 

species and gas. Finally, thin films are also prepared by direct evaporation using oxide source 

instead of metal.  

When ion beam sputtering is applied during evaporation, the energy transferred increases the 

surface mobility of condensed species: a dense and smooth film is obtained whose adherence 

to the substrate is much better than for simply evaporated films. Reactive or non-reactive 

sputtering can be achieved choosing the chemical nature of ions. 

In reactive ion plating, the vaporized species are introduced in plasma where they are ionized. 

A low power radiofrequency discharge is directed towards the substrate so that charged ions 

or atoms find their way to it.  

Liquid or solid phase deposition can be achieved by spray pyrolysis since sprayed droplets 

may contain solid or partly melted particles. In this technique, the solution containing the 

double salt of the desired element is sprayed on a heated substrate. When solution droplets 

vaporize before reaching the surface it is called CVD. This simple technique is well adaptable 

for large surfaces and mass production. Films of ZnO were deposited from aqueous ZnCl2 and 

Zn(CH3COO)2. Acetate solution produced thin layer with better optical transparency.  

During CVD, a relatively volatile metalorganic compound is vaporized, and in situ oxidation 

takes place on the substrate surface in O2, H2O or H2O2 gas. ZnO films were prepared by this 

method using zinc propionate or diethylzinc. It is generally observed that the quality of 

transparent conductors deposited by CVD is slightly inferior to that of sputtered or reactively 

sputtered films. 

Post-deposition treatments can be performed on thin layers to modify their surface 

composition and roughness, their texture and adhesion to the substrate, their chemical 

reactivity, wettability etc. These methods are for example ion bombardment, ion plating and 

plasma etching already mentioned. Liquid phase surface modification techniques are e.g. 

laser glazing (melting and solidification of the surface of a pure metal) and laser surface 

alloying (melting of a thin coating together with the surface of the substrate and formation of 
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an alloy during solidification). The combination of different techniques, like deposition 

techniques and scanned optical, X-ray, ion and electron beam lateral engineering 

(nanolithography) yields practically any desired nanostructure. One more example, and the 

utmost of nanophysical methods for solid phase modification of material surface is scanning 

probe microscopy. This sophisticated device allows the precise positioning of some atoms on 

a surface, their site-to-site transfer as well as layer-by-layer nm scale etching of the surface 

etc. Yet after dynamic advancement of the latest decades, nanophysical engineering 

techniques seem to reach a limit that is positioning and re-positioning of the nanotip on the 

surface within 1-2 nm. Nanochemical approach has no such limitations, it is therefore 

continuously progressing. 

Nanochemical techniques for thin film preparation 

Nanochemical thin layer deposition techniques are mainly wet chemical synthesis routes like 

chemical bath deposition (CBD), self assembly, dip technique and Langmuir-Blodgett 

method
(60,234)

. These are liquid and solid phase methods since wet chemical techniques 

involve often sol-gel process beginning or ending before deposition. It means that precursor 

solutions may contain readily formed solid particles. Dip technique and Langmuir-Blodgett 

method are presented in separate chapters (see A-1.1) and more in detail because materials 

presented in this thesis are elaborated using them. 

During chemical bath deposition, the substrate (previously imprinted or not) is immersed for a 

long period of time into an aqueous solution of a hydrolysable metal compound until a solid 

layer is formed on its surface. The composition, temperature and pH of the metal containing 

aqueous solution should be controlled. If conditions are appropriate, metal ions form oxides, 

hydroxides (M(OH)n) or hydrous oxides (M2On×mH2O) on the surface of the substrate. The 

latters can be transformed into oxide upon heat treatment. 

Classical self assembly gives rise to self assembled monolayers (SAM) of molecules bonded 

to the substrate by chemisorption or some specific interaction. Thus, this technique is 

applicable for special substrate-molecule systems (e.g. gold surface – thiol molecules). If 

immersion time is sufficiently long (24 hours), the monolayer becomes compact like a 

Langmuir-Blodgett film. For this kind of self assembly, however, repetition of the process 

would not lead to a multilayered film. Formation of self organized structures, in a more 

general way are multilayers of molecules and/or particles assembled under electrostatic
(235)

 or 

hydrophobic-hydrophobic interactions. Self organization is a versatile method for the easy, 

energy-saving preparation of nanostructured films.  
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Appendix II. Structural, electrical and optical properties of conductive oxide thin films 

The structural, electrical and optical features of conducting oxide thin films are interrelated 

and depend markedly on the chosen deposition technique. Films are generally characterized 

with the following parameters: sheet resistance, charge carrier density, mobility and average 

transmittance. Sheet resistance [Ω.cm
-2

] is the resistance of a thin film, a two-dimensional 

system that have uniform thickness. Values between 1-100 Ω.cm
-2

 were reported for oxide 

thin films. Charge carrier density is the number of free particles carrying electric charge per 

volume [m
-3

]. It was found to be 10
18

-10
21

 m
-3

 for very thin semiconductor films, much higher 

than for bulk materials. Mobility is the drift velocity of charge carriers over the applied 

electric field across the material [m
2
.V

-1
.s

-1
]. At high charge carrier densities (>10

19
 m

-3
) 

mobility is practically independent of temperature, while at lower values it becomes thermally 

activated in semiconductor thin films. Typical mobility values measured for physically 

deposited conductive oxide films are in the range of 1-50 m
2
.V

-1
.s

-1
. These are low compared 

to the bulk mobility of charge carriers due to scattering at grain boundaries. Average 

transmittance (Eq. 42) of wide band gap semiconductors is usually high (0.8-1) in the visible 

and near infrared region, and the fundamental absorption edge of the pure oxide films 

prepared by nanophysical techniques is similar to that of the bulk material. Losses in 

transmittance are due to several causes: a) reflectance induced by the difference of refractive 

index at the air-oxide interface b) backward scattering due to surface roughness c) absorption 

(1-2%) of light by free carriers d) interference phenomena depending on the layer thickness 

and the refractive index inhomogeneities. The definition of average transmittance at any 

wavelength is given by: 

𝑇𝜆 = (1 − 𝑅𝜆)2𝑒−𝛼𝜆 𝑡  , (42) 

where Rλ is the reflection coefficient and αλ is the absorption coefficient. 

Obviously crystallinity, stoichiometry, density, porosity, grain size and orientation of the 

crystallites – briefly, the crystalline structure and the texture of the material – have strong 

influence on the presented parameters. The electron transport parameters and optical 

properties of non-stoichiometric oxide films are furthermore highly affected by dopants 

(impurity elements added to the oxides in low concentrations to shift their Fermi level).  

Transparent semiconductor thin films can be advantageously used in heterojunction solar cells 

as a part of semiconductor/insulator/semiconductor (SIS) system, transparent electrodes or 

antireflective coatings. Near infrared reflectance of semiconductor oxides is high, thus their 

application as heat mirror coatings appears suitable for the temperature control of closed 

spaces. Opto-electronic devices and gas sensors are otherwise promising purposes. 

Thin layers for optical application 

Nanostructured thin layers present new, tunable and better-defined optical characteristics than 

traditional homogeneous layers. Optical mirrors can be fabricated by a stack of very thin 

layers alternating high and low refractive index materials. When the reflexion appears in a 

narrow wavelength range it is called a rugate filter. In case of materials emitting, transporting 
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and transforming light (lens, windows, optical fibres, opto-electronic devices and solar cells), 

reflexion decreasing the light intensity needs to be avoided. Antireflective (AR) coatings are 

therefore engineered with appropriate thickness and refractive index, or even gradient 

refractive index. Since optical background of interference responsible for the above 

phenomena is well-established for homogeneous multilayers, filters, mirrors and antireflective 

coatings can be designed and then prepared for all requirements.  

Preparation of thin layers for optical application 

Effective nanophysical techniques (special CVD and radifrequency sputtering techniques) are 

available for the preparation of rugate filters and gradient refractive index layers
(236-237)

. The 

most performant techniques permit the continuous deposition of graded or alternate refractive 

index layer by the modulation of gas phase composition
(238)

 (e.g. ratio of O2-N2 gases during a 

reactive pulse magnetron sputtering of Si target yielding SixNyOz ternary material of changing 

composition
(239)

).  

Sol-gel derived antireflective coatings
(240-241)

 as well as high reflectance coatings
(242-243)

 were 

elaborated for high power laser optics or astronomical optics
(244)

.  
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Appendix III. Techniques for the optical characterization of nanostructured thin films  

Transmission mode UV-Vis spectroscopy 

There exist several models for the extraction of refractive index (RI) from UV-Vis 

transmittance spectrum of a thin layer on transparent
 
substrate

(245-246)
. The approach applied 

for the optical evaluation of thin layers in this thesis is derived from the methods of Abelès 

and Wolter
(247-248,40)

. The uniform layer model system consists of a thick (much thicker than 

the wavelength of the light) and completely transparent substrate coated on both sides with 

identical non-absorbing homogeneous and isotrope thin layers (Figure 69).  

 
Figure 69 : Transmittance of identical thin layers on both sides of a thick and transparent 

substrate at normal incidence 

In case of moderate resolution of the spectrophotometer, the interference arising from 

multiple reflected waves inside the substrate will cancel, and we get an ―average‖ spectrum. 

This averaged transmittance of the system at normal incidence of light is: 

𝑇 𝜆 =
 1−𝑟01

2  (1−𝑟12
2 )

 1+𝑟12
2   1+𝑟01

2  +4𝑟01𝑟12𝑐𝑜𝑠2𝛿1
 , (43) 

where rij are the Fresnel reflexion coefficients at the air-layer (r01=(n0-n1)/(n0+n1)) and the 

layer-substrate (r12=(n1-n2)/(n1+n2)) interfaces and δ1 = (2π/λ)nldl is the phase change in one 

layer. Symbol λ refers to the wavelength of the light, dl is the thickness of the thin layer and ni 

are the refractive indices of air (i=1), layer (i=l) and the substrate (i=2), respectively. 

Thus, transmittance spectrum is measured and fitted with the above optical model. The best fit 

provides the most likely value of layer thickness and refractive index.  For homogeneous 

(dense and smooth) layers, these values correspond to the actual thickness and refractive 

index of the material, but nanostructured materials, like LB films have inherent 

inhomogeneity, (porosity) arising from the structure. Therefore the obtained values are called 

effective refractive index (neff) and effective layer thickness (deff). 

If further information is needed about the actual refractive index of the layer material 

(particles, in the case of Langmuir-Blodgett films) the effective medium approach
(249)

 can be 

invoked. This approach describes the effective refractive index as a function of the volume 

fraction (fi) and the refractive indices of all the phases (ni) in the thin layer. Several models 

are in use. One of them is the Lorentz-Lorenz (L-L) formula for a mixture of dielectrics: 

𝑛𝑒𝑓𝑓
2 −1

𝑛𝑒𝑓𝑓
2 +2

=  𝑓𝑖
𝑛𝑖

2−1

𝑛𝑖
2+2

𝑘
𝑖=1  (44) 

axis  z 

plane xy 
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Consequently either the volume fraction of the solid phase, or the porosity can be deduced in 

ideal case for nanostructured thin layers. 

The presented uniform layer model fails, however, when the thin layer has a definite gradient 

refractive index along the axis z. Methods to calculate the transmittance and reflectance of 

gradient refractive index films were elaborated by Hild et al. These methods are based on the 

optical admittance function applied for thin layers that are laterally homogeneous but have a 

gradient refractive index profile in depth
(219)

.  

The optical admittance is defined by the ratio of the tangential magnetic (Ht) and tangential 

electric (Et) field components, which are continuous throughout the system
(250-251)

: 

𝛤 𝑧 = − 
µ0

휀0

𝐻𝑡(𝑧)

𝐸𝑡(𝑧)
, (45) 

where μ0 is the magnetic permeability and ε0 is the dielectric permittivity of vacuum. For 

normal incidence, this function satisfies the following first order differential equation (λ is the 

wavelength of the incident light and n(z) is the z-dependent refractive index of the layer): 

𝑑𝛤(𝑧)

𝑑𝑧
= 𝑖

2𝜋

𝜆
 𝛤(𝑧)2 − 𝑛(𝑧)2  (46) 

The reflectance can be obtained with the surface value of the optical admittance (Γ(0)) as: 

𝑅𝐿 =  
𝑛0−𝛤(0)

𝑛0+𝛤(0)
 

2

, (47) 

where n0 is the refractive index of the air. For a thin layer on a semi-infinite substrate, (0) is 

obtained by solving (Eq. 46) with the condition that  equal to the refractive index of the 

substrate at the layer-substrate interface. The transmittance of the optical system in Figure 69 

is calculated after by the relation: 

𝑇 =
1−𝑅𝐿

1+𝑅𝐿
  (48) 

Refractive index function of the form: 

𝑛 𝑧 = 𝑛(0) (1 −
𝑧

𝜉
)2    (49) 

is advantageously used for the approximation of low-gradient refractive index layers because 

it provides a simple and exact solution
(219) 

for the optical admittance function. 

The profile of the form (Eq. 49) is characterized with the film thickness d, the average 

refractive index of the film nav, and the inhomogeneity factor g defined as 𝑔 =  𝑛(0) 𝑛(𝑑) . 

These parameters can be obtained from a measured spectrum by an appropriate fitting 

procedure. 
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Reflectometric techniques 

Scanning angle reflectometry can be used for quantitative investigation of molecular or 

particulate films at the air-water interface or on the surface of a solid substrate. It measures 

reflected light intensity at one point of the interfacial layer over a range of angles of incidence 

mainly with p-polarized light around the Brewster angle of the substrate
(45)

. This is the range 

of angles, where the method is most sensitive to the presence of a very thin surface film. The 

reflectance of a thin homogeneous layer on a semi-infinite substrate is: 

𝑅 =
𝑟01

2 +𝑟12
2 +𝑟01𝑟12 cos (2𝛿)

1+𝑟01
2 𝑟12

2 +𝑟01𝑟12 cos (2𝛿)
 , (50) 

where 𝑟𝑖𝑗 = (𝑞𝑖 − 𝑞𝑘) (𝑞𝑖 + 𝑞𝑘)  are the Fresnel reflexion coefficients at the air-layer and the 

layer-substrate interfaces at arbitrary angle of incidence with 𝑞𝑖 =
 𝑛𝑖

2−𝑛0
2𝑠𝑖𝑛 2(휃)

𝑛𝑖
2 , where θ is the 

angle of incidence and 𝛿 = 2𝜋𝑑𝑙 𝜆 𝑛𝑖
2 − 𝑛0

2𝑠𝑖𝑛2(휃)  is the phase change in one layer. The models 

used in this thesis for the evaluation of reflectance curves are the homogeneous layer model 

and the hexagonal model.  

When the homogeneous layer model is used, the experimental reflectance curve of the 

interfacial layer is compared to that of pure water: their intersection defines the Brewster 

angle of the thin layer θB,l (zero reflectance of the layer). The effective refractive index of the 

layer can be estimated by neff = tan(θB,l). More accurate results for the effective refractive 

index and thickness of the film are obtained by a fitting procedure.  

The hexagonal model allows the interpretation of the refractive index of a layer whose 

constituting particles are partially immersed into the subphase (Figure 70).  

 

Figure 70: Refractive index profile of a Langmuir film with the uniform layer model (neff) and 

the hexagonal model (n(z))
(252)

. 

The particles are assumed dense, spherical of uniform size and arranged hexagonally at the 

air-subphase interface. Parameters are the immersion ratio h/d (immersion depth h divided by 

the layer thickness d equal to the particle diameter) and the distance between the particle 

centres D. The system is considered laterally homogeneous, and z-dependent refractive index 

profile is approximated using the effective medium approach, calculating the RI at each plane 

of depth z from the volume fraction of the components at that depth and from their bulk 

refractive indices. The volume fraction (α) of spherical particles in regular hexagonal 



Appendix III 

Techniques for the optical characterization of nanostructured thin films 

112 

 

arrangement is given by the relation 𝛼 =
2𝜋

𝐷2 3
𝑧(𝑑 − 𝑧). The refractive index function derived 

from the L-L formula (Eq. 44) is: 

𝑛𝑒𝑓𝑓
2 −1

𝑛𝑒𝑓𝑓
2 +2

= 𝛼
𝑛𝑝

2 −1

𝑛𝑝
2 +2

+ (1 − 𝛼)
𝑛

2−1

𝑛
2 +2

 , (51) 

where np is the RI of the particle, nh is the RI of the host material, which is air for 0 < z < (d-h) 

and water for (d-h) < z < d. For this refractive index function, the surface value of the optical 

admittance function can be obtained, and the reflectivity simulated and fitted to the 

experimental data. In the case of monoparticulate films at the air-water interface, the obtained 

parameters are the particle refractive index (np,eff), the average distance between the particle 

centres (D), the layer thickness (d) and, finally, the contact angle (Θ) of the particles at the air 

water interface calculated from the immersion ratio (h/d)
(40)

. Supposing the water level to be 

horizontal around the particles (i.e. gravity is negligible) cos(Θ) can be obtained: 

 cos(Θ) = 2h/d – 1. 

Ellipsometry is a technique measuring the changes in the polarization of light reflected at a 

given angle of incidence from the surface of the sample
(253)

. The changes are expressed in 

terms of two angles, Δ and Ψ: 

𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛𝛹𝑒𝑖𝛥  , (52) 

where rp and rs are the Fresnel reflection coefficients of the interface for p-polarized and s-

polarized light, respectively. In case of a thin film on a semi-infinite substrate these are: 

𝑟𝑖 =
𝑟𝑖 ,01 +𝑟𝑖 ,12𝑒𝑥𝑝 (−𝑖2𝛿)

1+𝑟𝑖 ,01𝑟𝑖 ,12𝑒𝑥𝑝 (−𝑖2𝛿)
 , where     𝛿 = 2𝜋𝑑𝑙 𝜆 𝑛𝑙

2 − 𝑛0
2𝑠𝑖𝑛2(휃)   (53) 

Monochromatic ellipsometer provides neff and deff values, which can be evaluated using the 

effective medium approach in case of porous thin layers
(254)

. Spectral ellipsometer provided 

by appropriate fitting software is a powerful tool to examine more complex layers simulating 

in-depth profile. Ellipsometry coupled with porosimetry, called ellipsometric porosimetry 

(EP) is an innovative analysis technique for the performance and processing of solvent 

adsorption – desorption isotherms
(255)

. Adsorption of the solvent (water, ethanol, toluene, 

benzene etc.) is detected by the continuous increase of the RI due to replacement of air in the 

pores. The layer thickness, in contrary shows the shrinkage of the porous structure under 

borning capillary forces until complete condensation of the solvent in the mesopores of the 

layer. After this point of relative pressure, the layer thickness increases abruptly, while the 

refractive index presents no further rise (for layers without macropores). If correct t-curve 

(thickness of the adsorbed solvent film on the non-porous layer material as a function of 

relative pressure) is known, the mean pore size and pore size distribution of mesoporous thin 

layers can be evaluated from the desorption branch of the isotherm. Total Pore Volume can be 

obtained applying the effective medium approach (Eq. 51). For that, refractive index of the 

layer has to be measured in vacuum (nh,v = 1) and – in two successive measurements – at 

saturation vapour pressure of two different solvents (nh,s1 and nh,s2). 
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XRR is a direct method for the determination of layer structure through the electronic density 

(ρe)
(256)

. It measures the intensity of reflected X-ray from a sample at very small angles of 

incidence (<6°), in the proximity of the critical angle of total reflection (cos(θC), for ZnO it is 

0.334°). The electronic density of the layer is defined by:  

𝑐𝑜𝑠 휃𝐶 = 1 −
𝑟0𝜆2

4𝜋2
𝜌𝑒  , (54) 

where r0 is the classical electron radius, λ is the wavelength of the X-ray. At angles slightly 

above the critical angle the X-ray reflectometry curve shows steep decrease with interference 

fringes explained by the following equation derived from Bragg’s law:  

𝑠𝑖𝑛2 휃 =
𝑚2𝜆2

4𝑑2 + 𝑠𝑖𝑛2 휃𝐶 =
𝑚2𝜆2

4𝑑2 +
𝑟0𝜆2𝜌𝑒

𝜋
 , (55) 

where m is an integer and d is the film thickness. The electronic density of the layer (that may 

be converted into density) is obtained from the value of the critical angle, the thickness is 

provided by the distance of interference fringes, and a third parameter, the surface rugosity 

can be evaluated from the extinction rate of the reflectometry curve. XRR is a performant 

technique to investigate films containing up to three different layers. The most acute limiting 

factors are the film thickness (detection possible between 2-450 nm), the density contrast 

between the substrate and the layer(s) and, finally, the interfacial rugosity (must be inferior to 

4 nm).  
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Résumé 

Le but de mon travail de thèse était de préparer et de caractériser des couches minces 

multifonctionnelles à base d’oxyde de zinc (ZnO) nanocristallin. Pour la partie principalement 

réalisée en Hongrie, mon objectif était d’élaborer des films antireflet et autonettoyants sur 

support transparent par la technique de Langmuir-Blodgett. Pour la partie principalement 

réalisée en France, il s’agissait de préparer des membranes céramiques pour le couplage 

séparation - photocatalyse ou séparation - chimisorption. 

Deux méthodes de synthèse ont été choisies parmi les méthodes de chimie douce pour la 

fabrication des couches minces : les films antireflet et autonettoyants ont été obtenus par la 

technique de Langmuir-Blodgett et les membranes par la technique du dépôt au trempé. 

Pour  les films réalisés par la technique de Langmuir-Blodgett, j’ai tout d’abord préparé des 

sols monodispersés de ZnO en milieu organique. L’utilisation du procédé de Meulenkamp 

(1998) a fourni des particules de ZnO de 3 nm de diamètre dans de l’éthanol. J’ai par ailleurs 

obtenu des particules de ZnO de 110-410 nm de diamètre dans du diéthylène glycol, en 

appliquant la méthode de Seelig et al. (2003). Une porosité importante a été mise en évidence 

dans les particules obtenues selon la méthode de Seelig et al.. Cette porosité n’avait pas été 

décrite par ces auteurs. La mesure de densité par pycnomètrie, l’analyse par adsorption-

désorption d’azote et l’analyse optique des films ont permis la quantification de cette porosité 

(30-50%) partiellement fermée (10-25%). 

J’ai ensuite préparé des films de Langmuir à l’interface eau-air à partir des sols de ZnO. Ces 

films ont été caractérisés in-situ avec l’établissement des isothermes de pression de surface 

(Π) – aire de surface (A) et par microscopie à l’angle de Brewster. Les films transférés sur 

grille de cuivre ont été analysés par microscopie électronique à transmission. J’ai étudié 

l’effet de changement de solvant et d’utilisation d’additifs (organique – acide arachidique ou 

inorganique – particules de silice) sur la structure des films de Langmuir. Les propriétés 

optiques des films à l’interface eau-air ont été évaluées par ajustement des données 

expérimentales de réflectométrie à balayage angulaire à un modèle optique de couches 

minces. L’aptitude à l’étalement des particules de ZnO de 3 nm de diamètre a été grandement 

améliorée par l’ajout d’un tensioactif (acide arachidique en 10% en masse par rapport à ZnO) 

et de chloroforme. Ce résultat est dû à l’effet stabilisant de ces additifs comme l’ont montré 

les mesures de diffusion quasi-élastique de la lumière. Les particules de ZnO de taille 

moyenne entre 110 et 410 nm ont fourni des monocouches à l’interface eau-air avec une 

région linéaire bien définie sur les isothermes Π-A obtenues sans additif. Leur aptitude à 

l’étalement a été augmentée par le transfert des particules de leur milieu d’origine (diéthylène 

glycol) au chloroforme. L’estimation de l’angle de contact de l’eau sur les particules est alors 

devenue possible que ce soit en utilisant la partie non-dissipative des isothermes Π-A ou bien 

à partir des courbes de réflectométrie à balayage angulaire. Les angles de contact évalués par 

les deux méthodes étaient en bon accord et correspondaient à une surface de ZnO 

partiellement mouillable. La ségrégation des différents types de particules a été observée dans 

les films mixtes des particules de ZnO (110 nm) et de silice de taille moyenne semblable (96 

nm). L’effet de ségrégation était significatif pour les mélanges pour lesquels l’excès de 
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particules de ZnO ne dépassait pas le rapport suivant : 3 particules de ZnO pour 1 particule de 

silice. Ces films ont montré une cohésivité importante au cours de l’expansion et et de la 

recompression à l’interface eau-air. Ces résultats ont permis de conclure que des interactions 

capillaires ou colloïdales existaient entre les différents types de particules. 

Les films de Langmuir-Blodgett ont été préparés sur des supports solides (lames de verre, de 

quartz, de verre conducteur et de silicium). Des mono- et multicouches ont été déposées à 

partir de particules de taille et nature identiques. J’ai également préparé des films complexes 

composés de couches successives de différents types de particules. Des films mixtes ont été 

fabriqués avec des particules de ZnO et de silice  de tailles semblables. La structure des films 

de Langmuir-Blodgett a été étudiée par microscopie électronique à balayage. Leurs propriétés 

optiques ont été évaluées par réflectométrie des rayons X, ellipsométrie et spectroscopie dans 

l’UV-visible. L’activité photocatalytique des films a été testée avec la photodégradation en 

solution aqueuse de méthylorange (5,5 mg.L
-1

). Les films complexes de Langmuir-Blodgett 

composés de particules de ZnO de 3 nm et de particules de silice de 37 nm ont présenté à la 

fois des propriétés antireflet et une activité photocatalytique. Pour ces deux propriétés, j’ai 

observé une variation de ces propriétés avec la séquence des couches de ZnO et de silice dans 

le film. La transmittance était maximale pour les échantillons présentant une quantité 

décroissante de ZnO depuis la surface du support jusqu’à la surface du dépôt. La meilleure 

activité photocatalytique a été observée pour les films contenant une quantité croissante de 

ZnO depuis la surface du support jusqu’à la surface du dépôt. Les spectres de transmittance 

des films complexes ont été ajustés à un modèle de l’optique de couches minces 

inhomogènes. Les paramètres évalués avec ce modèle ont confirmé l’établissement de la 

structure désirée pour ces films complexes. Les films de Langmuir-Blodgett obtenus avec des 

particules de ZnO de diamètre 110-410 nm présentaient une propriété antireflet due à la 

porosité importante des particules et à la structure spéciale des films de Langmuir-Blodgett. 

Des réflexions lumineuses colorées ont été observées, la couleur dépendant de l’angle 

d’observation. J’ai pu montré que la modulation des propriétés optiques de ces films est 

possible grâce l’ajout de particules de silice (films mixtes et complexes). La séquence des 

couches de silice et de ZnO dans les films complexes de ZnO (110 nm) et de silice (96 nm) a 

un effet sur les propriétés optiques, mais n’affecte pas l’activité photocatalytique de ces films. 

Trois procédés de modification de surface ont été adoptés pour le renforcement de la 

résistance des films vis-à-vis de sollicitations mécaniques : un traitement thermique, le 

revêtement de la surface des films par de la silice (immersion dans une solution de tétraéthyl-

orthosilicate et traitement thermique) et la création de liaisons covalentes entre la surface des 

particules et celle du support (revêtement des films par du 3-méthacryl-oxypropyl-triméthoxy-

silane puis réticulation par photoréaction). Parmi ces trois méthodes, la dernière s’est avérée 

la plus efficace pour l’augmentation de la stabilité mécanique des films de Langmuir-Blodgett 

composés d’une ou plusieurs couches. Des liaisons covalentes ont été établies non seulement 

entre les particules et le support, mais aussi entre les particules de couches successives. La 

modification de surface par des liaisons covalentes a diminué la transmittance des films de 1 à 

2%, mais n’a pas affecté l’activité photocatalytique des échantillons. 
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Au cours de la préparation des dépôts au trempé, j’ai, dans un premier temps, mis au point 

une nouvelle voie de synthèse de sols de type « cœur-écorce » en silice-ZnO en milieu 

aqueux, à partir d’un sol commercial de silice (LUDOX HS40). La modification de surface de 

la silice a été démontrée par des observations sur la stabilité des sols et par des mesures de 

mobilité électrophorétique sur des suspensions de particules de silice de 400 nm, en présence 

des ions ZnII. Simultanément j’ai adapté le sol de Meulenkamp à la préparation des dépôts au 

trempé. J’ai également ajouté des additifs organiques (liants) à chacun de ces sols.  

J’ai préparé des dépôts au trempé sur supports plans (lames de verre, plaques céramiques 

macroporeuses) en utilisant les sols de type « cœur-écorce » et de type « Meulenkamp ». Des 

membranes céramiques ont été préparées sur support macroporeux tubulaire par la technique 

de « slip casting » à partir du sol de type « cœur-écorce ». Les films ont été séchés à 

température ambiante sous une atmosphère à humidité contrôlée. Deux traitements 

thermiques successifs ont ensuite été effectués à 150°C et puis à 500°C.  

La structure, la cristallinité et la texture poreuse des matériaux ont été examinées par 

microscopie électronique à balayage, spectrométrie d’émission des rayons X, diffraction des 

rayons X, analyse thermogravimétrique et adsorption-désorption d’azote. La perméabilité et le 

seuil de coupure des membranes tubulaires ont été déterminés. Ils étaient respectivement 

égaux à 7,4×10
-20

 m
2
 et 53 kDa. Les conditions expérimentales dans le module membranaire 

étaient les suivantes : vitesse de circulation constante  de 2,7 m.s
-1

 et pression 

transmembranaire variant dans la gamme de 1 à 6 bars. Les résultats obtenus indiquent que 

ces membranes sont adaptées pour l’ultrafiltration. L’activité photocatalytique des matériaux 

a été testée dans des solutions aqueuses de bleu de méthylène (38 mg.L
-1

) et avec de l’acide 

stéarique adsorbé à la surface de films de type « cœur-écorce ». Des expériences préliminaires 

ont été menées pour le couplage séparation-photocatalyse sur des membranes céramiques 

planes dans une cellule de diffusion. La quantité de bleu de méthylène décomposé par unité 

de surface du support macroporeux a été calculée : 1,5×10
-19

 mol.s
-1

.m
-2

. La capacité de 

chimisorption du matériau « cœur-écorce » a été évaluée  à 2,6 L (sous conditions standard) 

de H2S par m
-2

 de matériau de type « coeur-écorce ». Cette dernière valeur a été obtenue à 

partir de mesures réalisées sur une poudre équivalente préparée à partir du même sol que les 

films. La diffraction des rayons X, l’analyse thermogravimétrique et l’adsorption-désorption 

d’azote ont été utilisées pour confirmer la conversion complète et rapide de ZnO en ZnS et la 

régénération sous air de la phase originale ZnO à 600°C. 
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