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SSuummmmaarryy  

Development of advanced mesostructured catalytic coatings on 

different substrates for fine chemical synthesis 

  

Catalytic microstructured reactors are becoming widely recognized for their 

unique properties, such as high surface–to–volume ratios, isothermal conditions due to 

high heat transfer rates, enhanced safety, and potential applications in chemistry and in 

chemical industry. The efficient use of microreactors requires shaping of the catalyst 

usually by deposition of thin catalytic films on microchannel walls. Thin films with large 

internal surface area can considerably enhance the catalytic surface in the absence of 

internal mass transfer limitations in the porous structure. As the diffusion of large organic 

molecules in the porous network is much slower as compared to that observed in gas phase 

reactions, the maximum catalytic film thickness to avoid internal mass transfer limitations 

is estimated to be ca. 3 µm. Mesoporous titania thin films doped with metal nanoparticles 

attract considerable attention in catalysis due to their large surface areas, narrow pore (and 

particle) size distribution, and favorable surface properties. To obtain the mesostructured 

materials with required properties it is important to control accurately the synthesis 

conditions during the preparation of mesoporous catalytic films. Mesoporous films doped 

with metal nanoparticles were successfully used in a number of reactions, such as 

reduction of hydrogen peroxide, hydrogenation of acetylene alcohols and α,β-unsaturated 

aldehydes and others. Due to a strong metal support interaction between catalytic 

nanoparticles (Au, Ag, Pd, Pt) and the support, mesostructured titania can prevent metal 

nanoparticles aggregation and thus improve catalyst stability.  

This thesis is devoted to preparation of noble metal doped titania films, deposited 

on the flat plates and within the fused silica microcapillaries. The mesoporous titania 

coatings were synthesized via the sol–gel method combined with evaporation induced self 

assembly, which is based on the self–assembling of the structures in the presence of ionic 

surfactants or block–copolymers. The catalytic films were obtained via direct adding of 

metal nanoparticles into  the titania  sol or by adsorption of the metal-organic compounds 

onto the mesostructured titania films. The catalytic films properties, such as thickness, 

porosity, particle and pore sizes, and structure, were investigated by a number of techniques 
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(TEM, SEM, ellipsometry, IR, XRD, XPS). The particle size in a nanostructured catalyst, the 

pore size and the thickness of the mesoporous support can be independently controlled via 

a one-pot evaporation induced self assembly synthesis. Titania films doped with Au or Pt-

Sn nanoparticles were tested in a model reaction of citral hydrogenation into unsaturated 

alcohols (UCOL). Citral (3,7-dimethyl-2,6-octadienal) is considered as an interesting model 

molecule since it has three hydrogenation targets: a carbonyl group, a C=C bond conjugated 

with the carbonyl group, and an isolated C=C bond. However, the citral hydrogenation 

reaction attracts not only scientific, but also practical interest, since the hydrogenation is an 

important step in many fine chemical processes.   

The synthesis of mesoporous TiO2 and Au/TiO2 films is described in Chapter 2. 

The influence of synthesis parameters, such as the ratio of templating agent/Ti-precursor 

and pH of initial sol on the structure of the films was studied. The films have been 

investigated by a number of physico-chemical methods in order to characterize the 

properties of the mesoporous films. It was found that highly ordered hexagonal 

mesostructures can be obtained at a certain range of pH values (1.5-1.8) and template/Ti 

ratios (0.006-0.009). The thickness of the mesoporous titania films was increased from 

300 to 1000 nm by a deposition of multi-layer coatings. Gold nanoparticles with an average 

size of 4.5 nm were embedded in the mesoporous titania films by condensation of metal 

oxide species via self-assembly in the presence of a known amount of stabilized gold 

colloids. The complete surfactant removal was achieved at 573 K under a residual pressure 

of 10 mbar within 4 hrs without destroying the film structure. Under these conditions the 

Ti4+ sites were reduced to Ti3+ which might be responsible for a high selectivity to UCOL in 

the hydrogenation of citral over Au-containing supported catalysts. A 300 nm thick Au-

containing film showed an initial TOF of 1.4 s-1 and selectivity towards UCOL as high as 

90% in the hydrogenation of citral. Thicker films demonstrated a high selectivity towards 

the saturated aldehyde (above 55%) and a lower intrinsic catalytic activity (initial TOF of 0.7-

0.9 s-1) in the absence of internal diffusion limitations. 

A new approach for predicting the pore size distribution of mesoporous thin films 

using ellipsometric porosimetry is described in Chapter 3. The method has been developed 

taking into account multilayer adsorption and capillary condensation phenomena. The 

improved Derjaguin - Broekhoff - de Boer model (IDBdB) was applied for determination of 

the mesopore size on titania and silica films with a thickness of ca. 200 nm deposited on a 

silicon substrates. This approach eliminates uncertainties related to the application of the 
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statistical film thickness determined via t-plots in previous versions of the DBdB model. 

The deviation in the surface tension of ethanol in the mesopores from that of a flat interface 

was described by the Tolman parameter. An empirical expression for the disjoining 

pressure isotherm has been applied to represent the interaction between the adsorbate and 

the adsorbent. The parameters in the empirical expression have been obtained by fitting the 

multilayer region of an experimental isotherm on titania and silica films. Using these 

parameters, the adsorption and desorption isotherms of ethanol were predicted and 

adjusted to the experimental data by fitting the Tolman parameter of the model, 

characterizing the surface tension for a curved surface. The IDBdB desorption model with a 

positive value of the Tolman parameter of 0.2 nm was found to describe accurately (±1%) 

the pore diameter in a wide range of mesopores from 2.1 to 8.3 nm what was in a good 

agreement with results obtained by TEM and XRD.  

The synthesis and characterization of Pt-Sn/TiO2 powder catalysts and catalytic 

films is presented in Chapter 4. The processing parameters, such as Pt-Sn precursor types, 

impregnation techniques, adsorption time, were varied. The resulting catalysts were tested 

in citral hydrogenation reaction. The selectivity to the desired product (UCOL) was found to 

be ca. 90% at a citral conversion above 95%. A reaction rate in terms of TOF of 0.2 – 3.3 

min-1 was observed in the citral hydrogenation over the Pt-Sn/TiO2 powder catalysts. The 

highest activity was observed in the case of catalysts prepared by co-impregnation in 

comparison with the catalysts prepared via organometallic route and successive 

impregnation, what could be attributed to an intimate contact between the metals. The Pt-

Sn/TiO2 films were prepared via i) one-pot synthesis using Pt-Sn colloids or clusters, and ii) 

adsorption of Pt-Sn clusters into the mesoporous titania films. The activity and selectivity of 

Pt-Sn/TiO2 films strongly depend on the precursor type and adsorption time (in case of 

clusters). The highest UCOL yield (72%) was observed in the case of a two layer catalytic 

film obtained from Pt-Sn clusters solution with adsorption time of 5 hrs. 

Chapter 5 is focused on the demonstration of the potential of capillary 

microreactors by the results obtained in a selective hydrogenation of citral to UCOL. The 

Au/TiO2 sol was impregnated by dip-coating into the fused silica capillary with a length of 

10 m and internal diameter of 250 µm. A Pt-Sn/TiO2 wall-coated capillary was made by an 

impregnation of Pt-Sn clusters into the capillary preliminary coated with a titania layer. 

Both capillaries were tested in the citral hydrogenation reaction. The influence of the 

reaction conditions, such as liquid flow, reaction temperature, hydrogen partial pressure, on 
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the catalytic properties was investigated. The detailed analysis of kinetics is presented. The 

Pt-Sn/TiO2 coated capillary shows better catalytic properties in comparison with the 

Au/TiO2 coated one. The maximal yield of UCOL was found to be 79 and 29% for Pt-

Sn/TiO2 and Au/TiO2 catalysts, respectively. The reaction has first and zero order in 

hydrogen and citral, respectively. 

The synthesis and characterization of a new type of catalyst – ZnO nanowires 

doped with Pd nanoparticles – is presented in Chapter 6. The ZnO nanowires were made 

by the atomic layer deposition technique. Pd nanoparticles with average sizes of 2.7 and 4.5 

nm were impregnated from the Pd colloids solutions. The catalysts were tested in the 

selective hydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol (MBE). The 

effect of the solvent, hydrogen pressure and reaction temperature on the MBE yield was 

investigated. ZnO nanowires possess 88% selectivity to MBE at 99% MBY conversion at 5 

bar hydrogen pressure and 323K and show no deactivation after 20 runs of the reaction. The 

Pd/ZnO nanowires catalyst shows 94% yield of MBE in the first run of the reaction. 

Catalytic tests performed in water and in a methanol–water (3:1 vol.) mixture led to 

sintering of the Pd particles decreasing both the activity and selectivity. The ZnO NWs were 

rather stable in water which is promising for further optimization of their activity and 

stability using highly polar solvents. A kinetic model is proposed to explain activity and 

selectivity of the ZnO and Pd/ZnO nanowires catalysts.  

Finally, in Chapter 7 the main conclusions of the previous chapters are 

summarized. 
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CChhaapptteerr  11  

Introduction 

Synthesis, characterization and application of mesostructured 

catalytic coatings  

 

Catalytic microstructured reactors are becoming widely recognized for their unique 

properties, such as high surface–to–volume ratios, isothermal conditions due to high heat 

transfer rates, safety, and potential applications in chemistry and in chemical industry [1, 2]. 

In gas–liquid–solid reactions, the overall production rate is often limited by interphase 

mass transfer. To overcome this limiting step, multi–phase reactions can be performed in 

microchannels or microcapillaries with a catalytic film deposited on the channel walls [3]. 

However, the geometric surface area of the walls of the microchannels is usually not 

sufficiently large for the deposition of a sufficient amount of catalyst. Thin films with a 

large internal surface area can considerably enhance the catalytic surface in the absence of 

internal mass transfer limitations in the porous structure. As the diffusion of large organic 

molecules in the porous network is much slower as compared to that observed in gas phase 

reactions, the maximum catalytic film thickness to avoid internal mass transfer limitations 

is estimated to be ca. 3 µm [4]. Recently highly ordered mesoporous thin films have 

attracted much interest as a possible support for catalytic nanoparticles for microreactor 

applications [5, 6]. They can be produced on a substrate by different methods such as anodic 

oxidation [7, 8], cathodic reduction [9, 10], atomic layer deposition [11, 12], pulsed laser 

deposition [13, 14] and different modifications of sol–gel synthesis (hydrothermal, dip-

coating, spin-coating) [8, 15–20], and so on.  

Different gas–liquid flow regimes can be obtained in microchannels or 

microcapillaries to control the residence time and liquid hold–up and therefore the 

selectivity in  consecutive  hydrogenation  reactions.  It  is  necessary  to  increase  the  mass  
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transfer of the reagents to a catalytic film and to reduce the pressure drop along the 

microchannels. This can be realized in two well-known gas–liquid flow regimes: (i) Taylor 

flow (or slug flow, Figure 1.1a), which consists of gas slugs with lengths larger than the tube 

diameter separated from each other by liquid slugs, and (ii) annular flow (Figure 1.1b) where 

a continuous gas core is separated from the inner wall by a flowing liquid film.  

 

 

Figure 1.1. (a) Taylor flow; (b) Annular flow. Adapted from [21]. 

 

In the 1990s, a new methodology of synthesis of mesoporous inorganic materials 

with highly ordered long-order structure and controlled pore size in the range between 2 

and 10 nm, has been developed. This method is based on the self–assembling of the 

structures in the presence of ionic surfactants and block–copolymers (BCs). Especially 

mesoporous titania thin films have attracted considerable attention due to their high 

stability as compared with, for example, silica films [22-24].  

 

The first part of this thesis is devoted to the synthesis of mesoporous titania films 

by the sol–gel method combined with evaporation induced self assembly (EISA). The 

influence of the major synthesis parameters (pH, metal precursor–to–structure directing 

agent (SDA) molar ratio, spinning speed etc.) on the morphology of the films was 

investigated. The film properties were characterized by ellipsometric porosimetry, LA–XRD, 

2D SAXS, SEM, TEM. An improved Derjaguin–Broekhoff–de Boer (IDBdB) model for 

cylindrical pores was proposed for the determination of the pore size in mesoporous films. 

The latter eliminates uncertainties related to the application of the statistical film thickness 

determined via t–plots in previous versions of the DBdB model.  

The second part of the thesis describes a kinetic study of the hydrogenation of α,β–

unsaturated aldehydes (viz. citral) over Au/TiO2 and Pt-Sn/TiO2 films. The activity of the 

films and similar powder catalysts is compared. The activity and selectivity of Pt-Sn/TiO2 

films depend strongly on the precursor type and deposition method. The catalysts obtained 

by co-impregnation showed higher reaction rate and selectivity to unsaturated alcohols 

(UCOL) as compared to those prepared by successive impregnation. The highest selectivity 

a 

b 
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to UCOL is obtained after deposition of Pt-Sn bimetallic clusters at a short adsorption time. 

Finally, both Pt-Sn/TiO2 and Au/TiO2 mesoporous films were obtained on the inner surface 

of fused silica capillaries with an internal diameter of 250 µm. These capillary microreactors 

were tested in the hydrogenation of citral. The new type of catalyst – ZnO nanowires doped 

with Pd nanoparticles – was synthesized and tested in semihydrogenation of 2-methyl-3-

butyn-2-ol. The effect of the solvent, hydrogen pressure and reaction temperature on the 

yield of the desired product was investigated. 

 

1.1 Synthesis of ordered mesoporous titania thin films 

Titania is an attractive material for diverse fields such as photocatalysts [25, 26], 

membranes [27], catalytic support [20] and energy conversion applications [28, 29]. Sol–gel 

synthesis of ordered mesoporous TiO2 from titanium alkoxide precursors using phosphate 

surfactants was reported in 1995 [28, 30]. The synthesis of mesoporous titania films is more 

complicated than that of silica, because the hydrolysis and condensation reactions of 

transition metal ions occur much faster [31]. Hydrolysis of the metal alkoxides is accelerated 

in the presence of an acid [28]. A schematic representation of the nonionic templating 

mechanism of formation of the mesoporous titania material is presented in Figure 1.2 [32].  
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Figure 1.2. Schematic representation of the nonionic templating mechanism of formation of 
mesoporous titania material. Adapted from [32]. 

 

The process for obtaining mesoporous films with an organized structure implies a 

combination between the sol–gel chemistry of the inorganic precursors (alkoxides, 

organoalkoxides, salts) and the self–assembly of organic structure directing agents (SDAs). 
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Knowledge of the chemical concepts relating these two fields is required to produce the 

appropriate mesostructures, and to control the complex assembly processes. Several 

parameters should be controlled to allow the production of the films with a highly 

organized structure, and to control the final mesophase: (1) the nature of the precursor and 

SDA, (2) SDA/metal ratio, (3) dilution ratio, (4) relative humidity (RH), (5) solution acidity, 

(6) temperature, (7) aging time, and (8) calcination conditions [33]. These parameters can 

influence the morphology of mesoporous films on different stages: hydrolysis, 

condensation, evaporation induced self assembly, and SDA removal. These stages will be 

considered in detail below. 

 

1.1.1 Sol–gel process: hydrolysis and condensation 

A sol–gel process is based on the controlled polymerization of inorganic molecular 

precursors in a solvent: ethanol [25, 28, 34], iso-propanol or acetyl acetone [33]. Titanium 

alkoxides [28, 30, 32, 35-43], titanium tetrachloride, [31, 44, 45] and mixtures of both [33, 46, 

47], are used as precursors. Either ionic or nonionic surfactants (Brij СnН2n+1(ОСН2СН2)yОН), 

polyethyleneoxide–polypropyleneoxide–polyethyleneoxide (РЕОx–РРОy–РЕОz),  С16(ЕО)10 

and so on) are used for the synthesis of mesoporous titania films [30-33, 39, 43, 45, 47-52]. 

Application of ionic surfactants might lead to considerable shrinkage or complete collapse 

of the structure during calcination [28, 53], due to high calcination temperatures required 

for their removal (usually above 573 K) [43, 44]. The specific surface area and the mesopore 

volume are reduced during high temperature calcination [54].  

Recently, much attention was devoted to polymer templated ordered mesoporous films 

(PTOMFs) [33]. As compared to surfactant–templated films, they exhibit larger mesopore 

diameters (3–8 nm), and have thicker pore walls.  The latter is responsible for their 

enhanced thermal and hydrothermal stability. Block–copolymers form weak hydrogen 

coordination bonds with the inorganic framework, which are preferred as compared to 

either electrostatic or covalent interactions. 3D porous networks can also be made when 

block–copolymers are used as SDA: cage–like OMTFs with cubic (Im3m) [31, 33] and 

hexagonal (P6mm) structures were reported [33, 40].  

The initial surfactant concentration is much lower as compared to the critical 

micelle concentration (Cmc). The latter is determined by the surface tension method, which 

is based on the relationship between the surface tension of the solution and the 

concentration of the surfactant. The surface tension decreases with increasing surfactant 
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concentration until the concentration of surfactant arrives at a certain value, after which the 

surface tension is constant [55]. Solvent evaporation increases the surfactant concentration 

leading to formation of a mesophase when the surfactant concentration exceeds Cmc [32].  

The block-copolymers (BCs) content depends on the metal precursor and can be 

varied in a wide range. An empirical relation between the number of the ethylene oxide 

fragments in SDA and number of Ti moles in the solution was proposed [33]. This ratio 

should be close to 1 in order to obtain mesoporous films with a long-order structure. 

Usually, Brij 58/Ti, Pluronic Pluronic P123, and F127/Ti molar ratios are around 0.05-0.08 

[31], 0.01-0.05 [32, 40-42] and 0.005 [33], respectively. By varying the SDA/precursor ratio, 

mesoporous titania films with different pore size, surface area and interplanar spacings can 

be obtained. For example, low concentration of P123 leads to a cubic structure (Im3m) while 

a higher concentration leads to a 2D hexagonal structure [56]. n-Butanol can often be used 

as a co-surfactant, which co-micellizes with the block-copolymer and stabilizes the 

hydrophilic–hydrophobic interface. It also acts as a swelling agent, which can be used for 

pore size control [51]. 

The pH influences both the hydrolysis of the titania precursor and the 

condensation kinetics and therefore the morphology of the resulting thin films [32]. Acids 

protonate negatively charged alkoxide groups (the first step, Figure 1.3), enhancing the 

reaction kinetics by producing leaving groups, and eliminating the requirement for proton 

transfer within the transition state. At low pH (0.5), no highly organized structure can be 

observed, because condensation occurs preferentially between weakly acidic species, 

whereas strongly acidic species retard the condensation kinetics. When the pH is too high 

(2.5), acidic protonation is not enough to serve all alkoxide groups, so no organized 

structure can be obtained. There is an optimal value of the pH around 1.0–1.5 

corresponding to the highest degree of mesophase organization [33].  

The amount of water is crucial to obtain an inorganic mesophase with desired 

properties [56]. Depending on the SDA and the Ti precursor, the H2O/Ti molar ratio is 

usually kept in the range from 10 to 20. Water is required for hydrolysis of the Ti 

precursors, making them hydrophilic and enhancing their interactions with a hydrophilic 

part of SDAs. The enrichment of the system in water also favors condensation. However, 

the water content in the initial sol has a minor effect on the structure of the resulting film 

as compared to that of atmospheric water during solvent evaporation [33]. The effect of the 

relative humidity (RH) is discussed in section 1.1.2 of this Chapter. 
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Figure 1.3. Reaction scheme of TiO2 sol–gel formation process. Adapted from [57]. 

 

Aging of the TiO2 sol was reported to proceed in a rather wide temperature range 

from 281 to 343 K. The size of the primary titania particles is determined by the aging time 

of the titania sol. Either too small or too large primary particles are unable to occupy 

efficiently the space between the SDA micelles [32] leading to films without a long-order 

structure. The optimum aging time depends on the precursor type, type of SDA and the 

temperature. There is an optimum of the sol condensation time for the film structure. 

Below 298 K, it takes from 10 min to 12 hrs [30, 41, 43] while above 323 K aging times are 

reported to be between 3 and 8 days [28, 32, 50]. Increasing of the aging time from 6 to 14 

days led to a more dense mesoporous film at 323 K. It can be explained as follows. The 

formation of mesostructured films requires micellar stabilization by gelation of a 

percolative titania network to form later the wall structure during the deposition. The size of 

the aggregates which form the titania network, is determined by the aging time of the acidic 

titania sol. Both small and large fractal unit titania aggregates, which are unable to occupy 

the space between the micelles, can not form well organized mesostructured films [31]. 
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1.1.2 Evaporation Induced Self Assembly (EISA) 

The deposition method influences the film thickness. Dip–coating refers to the 

immersing of a substrate into a vessel containing the initial sol followed by removing the 

substrate from the tank at a constant rate, and allowing it to drain. The film thickness is 

controlled by the sol viscosity, the relative humidity and the withdrawal rate: the lower the 

rate, the thinner the film. At high withdrawal rates, films with a low adhesion to the 

substrate are produced. During the spin–coating procedure, the substrate is placed on the 

revolving platform of the spin-coater and hermetically pressed to it by vacuum. Next, the 

solution is deposited on the substrate and the spin–coater begins to rotate. Spin–coating 

results in thicker films than dip–coating. The film thickness depends on the sol viscosity, 

the spinning rate, the spinning time, and the RH [31, 48, 58-60].  

Two alternative techniques can be used to form thicker films: repeated EISA 

followed by (i) drying or (ii) calcination [41, 61]. To obtain multilayer films with drying at 

room temperature after deposition of every single layer is much simpler and enables to 

form thicker films. However, no clear dependence between the number of the film cycles 

and the film thickness was reported for these samples. The thickness of multilayer films 

prepared with intervening calcination depends linearly on the number of film cycles. The 

pore size distribution of multiple calcined films is wider than that of single–step deposited 

films [41]. 

The relative humidity (RH) during the deposition of the titania films controls the 

solvent evaporation rate and influences the film thickness and structure [33]. When the 

solvent evaporates, aggregation processes take place [33, 56]. Non–organized films are 

produced at a RH below 15%. A relative humidity of 50–60% or 70–80% is required to 

obtain a mesostructured film with a 2D hexagonal [33, 45] or a cubic (or sometimes 

orthorhombic Fmmm) [25, 31] structure, respectively. The as–deposited film is only weakly 

condensed, and it presents a dynamic equilibrium state (organic – inorganic mesophase), 

which can further be transformed to a final structure depending on the RH during aging 

(Figure 1.4) [31, 45].  

This allows template self–assembly and the formation of organized films during 

this step [33]. Water uptake or release can swell the mesophase or can even change it from, 

for example, Im3m cubic to p6m 2D hexagonal phases (Figure 1.5) [56]. 



Chapter 1 8 

 

Aging

Triclinic

Cubic
Im3m

Worm-like
phase

Alignment and
organization of
micelles 

EtOH/water/H
evaporation

+

disorder-to-order

      transitionRH>45%

RH<45%

S
o

l

F
ilm

Drying line Time

F
ilm

 t
h

ic
k

n
e

s
s

Concentration

 

Figure 1.4. Schematic representation of the stages of film formation during dip–coating. Adapted 
from [33]. 
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Figure 1.5. Simplified system trajectory of the formation of the mesostructured TiO2 film plotted 
along a ternary diagram of nonionic surfactant F127/ethanol/water. Typical SAXS patterns are 
shown for each point. Adapted from [56]. 

 

The as-deposited film is only weakly condensed, and it presents a relatively fragile 

mesostructure. Once the mesophase is formed, its stabilization is possible due to the slow 

departure of residual H+ species. Methods applied to eliminate the volatile species, 

determine the integrity of the organization, the degree of contraction, and the thermal 
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stability of the final mesoporous film. The choice of the aging conditions of the mesoporous 

film depends on the surfactant and precursor nature. It was reported, that in the case of 

using Brij–58 or Brij–30 as surfactants, no ordered structure was observed after the aging of 

the titania films for 4 days at 291 K. However the sample, made with Brij–56, showed a 

2D–hexagonal structure after aging under the same conditions [34]. The samples 

synthesized using Brij–58 or Brij–30 show the mesoporous ordered structure when aged 

for 7 days at 283K. In the case of Brij–58 and TiCl4 under the changing of the aging time of 

the TiO2–films from 3 to 72 hrs (at room temperature), mesostructure formation occurs. 

But during further increasing of the aging time, the pseudo–cubic structure transforms to 

non–ordered ones [31].  

 

1.1.3 SDA removal 

After removal of the SDA, the organic–inorganic mesophase is transformed into a 

mesoporous film with controlled porosity [41]. Calcination (with or without extraction by 

solvent) is used to stabilize the structure. Extraction of SDA (usually with ethanol [28, 32, 

43] or р–toluenesulfuric acid [30, 50]) is more preferable than calcination with respect to the 

strength of the mesostructured film. A strong interaction between the SDA and inorganic 

pore walls prevents complete surfactant removal by extraction and a subsequent calcination 

step is required. A two step procedure yields films with a higher stability as compared to 

those produced without extraction by a solvent [32]. Calcination conditions determine the 

integrity of the organization, the degree of lattice contraction, and the thermal and 

hydrothermal stability of the mesoporous film. Calcination also causes a reduction of 

surface area, mesopore volume and structure contraction. Calcination is usually carried out 

in air in the temperature range from 573 K [31, 51] to 773 K [33, 39, 62] for 2–5 hrs. The 

former leads to amorphous walls. In the latter case crystalline films with anatase structure 

are obtained [40, 52, 63]. The required temperature depends on the nature of SDA and the 

pressure (atmospheric or reduced). Reduced pressure can decrease the calcination 

temperature by 100 K.  

 

1.2 Characterization methods for the investigation of mesoporous films properties 

The number of available methods for analysis of composition, surface area, pore 

volume, lattice parameter and film thickness is limited by the properties of the film, such as 

low thickness and mass [56]. Non–destructive methods are more preferred because during 
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the destruction deviations can be introduced into the analysis by including nonporous 

substrate fragments.  

The ordered arrangement of the pores in a mesoporous film leads to periodic 

contrast differences, producing diffraction patterns [56]. 2D Small–Angle X–ray Scattering 

(2D SAXS) (Figure 1.6) or Low Angle X–ray Diffraction (LA–XRD) can be used to 

determine the structure, orientation, unit cell parameters, interplanar spacings and the 

degree of lattice contraction during calcination. A combination of 2D SAXS and 

interferometry was applied in situ to evaluate the mesophase formation related to the 

evaporation process [33].  

 

 

 

Figure 1.6. Indexed SAXS patterns and schemes of (a) cubic Im3m Pluronic F127 templated TiO2 
film and (b) p6m Brij 56 templated TiO2 film. Adapted from [33]. 

 

Due to the small mass of thin films, neither Thermo-Gravimetric Differential 

Thermal Analysis nor elemental analysis allows to study the SDA removal. Instead of those, 

Fourier Transform Infrared Spectroscopy (FTIR) can be used for investigation of: (i) 

presence of С–Н, С–О–С bonds from SDAs, (ii) Ti–O–Ti and Ti–O framework bonds, and 

(iii) presence of superficial ОН groups due to incomplete condensation of titania species [25, 

28, 32, 48, 64]. The film thickness decreases after calcination [34]. The texture of the films 

before and after calcination can be determined with electron microscopy. The pore shape 

and diameter can be determined with HR-TEM, the film thickness is usually determined 

with SEM [32, 34, 48], the surface roughness with AFM.  

Low temperature nitrogen or krypton adsorption/desorption isotherms can be 

used to evaluate the specific surface area, pore diameter and volume. Specific surface area 

of mesoporous TiO2 films is much lower as compared to mesoporous silicas. It is usually in 

the range between 100 and 350 m2/g [28, 30, 32, 33, 39, 51]. Therefore, this method requires 

a large number of samples to get a 2-5 m2 of surface area required for these measurements.  

Ellipsometric porosimetry (EP) is a non-destructive method, which is also used for 
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determination of structural characteristics of thin films and the heat of adsorption of 

volatile adsorbates [65-67]. The principle of EP is based on the evaluation of the optical 

characteristics of a porous film during the vapor adsorption. The characterization methods 

are summarized in Table 1.1. 

 

Table 1.1. An overview of characterization methods for the investigation of mesoporous films 
properties. 

                     Method 

 

Property  

LA–

XRD 

2D–

SAXS 

TEM SEM EP AFM FTIR CA1 

Porosity     +    

Pore size   +  +    

Structure + + +      

Surface groups        +  

Surface energy       + + 

Thickness    + +    

Roughness     + +   

Surfactant removal       +  

     1 – contact angle measurements 

 

1.3 Supported mono- and bimetallic catalysts for selective hydrogenation of α,β–unsaturated 

aldehydes 

Mesoporous films were successfully used as a catalytic support for noble metal 

nanoparticles. The resulting catalysts showed high activity and selectivity in such reactions, 

as selective hydrogenation of acetylene alcohols [3, 68] and α,β-unsaturated aldehydes 

(citral) [69]. The selective hydrogenation of a carbonyl bond in α,β-unsaturated aldehydes is 

an important step in many fine chemical processes, since the desired products – 

unsaturated alcohols – are widely used as fragrances and drugs. The thermodynamics 

favors C=C hydrogenation over C=O by ca. 35 kJ/mol. The activity and selectivity of a 

catalyst are determined by the type of support and metal precursor, catalyst preparation and 

activation methods and reaction conditions. The reaction mechanism includes several 

parallel and consecutive steps as well as adsorption of solvents, formation of coke etc. [70]. 

It is important to understand the catalyst structure–activity relationship to design better 

catalysts for this reaction.  
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1.3.1 Catalysts prepared from bimetallic cluster precursors 

Modification of the noble metal (Pt, Rh, Ru) catalysts by Sn can increase both the 

selectivity of the formation of unsaturated alcohols [71-74] and catalyst stability [75]. 

Supported bimetallic Pt–Sn [76, 77] and Rh–Sn [71, 78] catalysts allow to achieve a 

selectivity over 80% and a high activity in selective hydrogenation of α,β-unsaturated 

aldehydes to unsaturated alcohols. Bimetallic precursors are usually loaded onto the support 

by: (i) combined or successive impregnation with inorganic metal compounds (RhCl3, SnCl2 

[72, 78], H2PtCl6 [79]); (ii) wetness impregnation with organometallic compounds [76, 79], 

(iii) adsorption of bimetallic clusters [71, 72, 77, 79]. Activity and selectivity in citral 

hydrogenation of the Rh-Sn/SiO2 [71] and Pt-Sn/ZSM–5 [80] catalysts increased in the 

following order: organometallic route ≈ combined impregnation >> successive 

impregnation. The highest activity and selectivity was obtained over RuSn/TiO2 catalyst 

with a Sn/Ru molar ratio of 0.25 [78]. 

The bimetallic cluster route allows to control the catalyst composition already at 

the precursor step [81-84]. [Pt3(CO)6]n
2– Chini anions are used as a Pt precursor for the 

synthesis of bimetallic clusters [84]. This anion is stable in CO or Ar atmosphere and can be 

synthesized according to the following mechanism:  

30 H2PtCl6    + 121 CO + 61 H2O →  H2[Pt3CO6]10 + 61 CO2 + 180 HCl, 

H2[Pt3CO6]10 
acetone

→ 2 H2[Pt3CO6]5. 

The precipitation of a Pt-Sn cluster is performed by an addition of the mixture of SnCl2 

solution with tetraethylammonium chloride to H2[Pt3CO6]5 ethanol solution. 

Several mechanisms of the positive effect of Sn addition on the performance of the 

catalysts were proposed [71, 72, 85]. There is a possibility of existence of Snn+ ions on the 

surface of the noble metal nanoparticle. In this case the electrophilic character of Sn–М 

particles promotes the aldehyde coordination to the active site via the С=О bond [85-87]. A 

new concept accounting for the rate–limiting step was recently proposed [88, 89]. The 

authors performed energy barriers calculations according to kinetic model. They showed 

that the selectivity towards UCOL is controlled by the rate of desorption of the partially 

hydrogenated products. The catalyst favors the attack at the C=O group in the adsorbed 

molecule to yield UCOL, whereas the activation energy for desorption is much lower in case 

when citronellal is formed rather than UCOL. These calculations showed that the 

desorption energy of the product is the critical tuning parameter for the selectivity. 
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1.3.2 Mesoporous films doped with mono– and bimetallic colloidal nanoparticles 

To achieve a high degree of structural control, mono– and bimetallic colloidal 

nanoparticles (NPs) with a predefined and narrow size distribution and with an average size 

in the range of 1–5 nm have gained increasing attention as active component precursors for 

a new type of catalysts [57, 68]. To avoid sintering of the NPs during calcination, they can be 

embedded into the mesoporous inorganic films. Despite the large diversity of synthetic 

methodologies available, the precise tuning of size and composition of catalyst particles 

remains difficult. In this sense, the supported catalysts with embedded mono– or bimetallic 

NPs can be considered as a new class of nanostructured supported catalysts since both 

particle size, shape and composition can be tailored independently. These catalysts have 

been successfully applied in the hydrogenation of C=C bonds, carbonyl groups and 

unsaturated C–N bonds [90]. The catalyst can be prepared in two ways: (i) the polymer 

stabilized colloidal NPs can be introduced into the support by dip–coating [68], or (ii) 

suspension of colloidal NPs can be directly added to a support sol [91, 92]. The latter 

method allows the metal loading in the resulting thin films to be exactly controlled by 

changing the concentration of the nanoparticles in the colloidal suspension [91]. Highly 

dispersed Au NPs of 4–8 nm [93, 94], Pt NPs of 2–3 nm [95], or Pd NPs of 3.5–4.5 nm [96] 

have been embedded in mesoporous silica thin films for applications in catalysis, 

biosensors, and photonic devices. Silver NPs of 1–5 nm were embedded into mesoporous 

silica [97-99], titania [99, 100] and zirconia [99] films. Enhanced thermal stability of metal 

NPs was observed after incorporation in the mesoporous TiO2 films [101].  

 

1.4 Catalytic capillary microreactors with titania thin films 

TiO2 is often used as a catalyst in different photocatalytic reactions. Few reports 

were focused on photochemical reactions conducted in TiO2 coated microreactors [102–

104]. A feasibility study on a microreactor system for organic photoreactions was reported 

in [102]. The enhancement of reaction yield and selectivity by using microreactors was 

reported. A titania film was deposited on the inner surface of 19 channels with a cross–

section of 200 µm x 300 µm. The microreactor was tested in the decomposition of 4–

chlorophenol [103]. A titania–modified microchannel chip was used in efficient 

photocatalytic synthesis of L–pipecolinic acid from L-lysine [104]. The conversion rate in the 

chip was found to be 70 times larger than that in a batch reactor using nm-sized titania 

particles with almost the same selectivity and enantiomeric excess. 
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Mesoporous films doped with metal nanoparticles were successfully used in a 

number of reactions, such as reduction of H2O2 [98], acetylene alcohols [3, 68, 105, 106] and 

citral [69] hydrogenation. Due to a strong metal support interaction (SMSI) between 

catalytic NPs (Au, Ag, Pd, Pt) and the support, nanostructured titania can prevent NP 

aggregation and thus improve catalyst stability [23]. Pd/meso-TiO2 or PdZn/meso-TiO2 wall-

coated capillary microreactors have been tested in the hydrogenation of 2-methyl-3-butyne-

2-ol in methanol by hydrogen. The Pd/TiO2 catalyst demonstrated an order of magnitude 

higher reaction rate compared to the commercial catalyst. The selectivity to the 

semihydrogenated product was 89% at 96% alkyne conversion. The selectivity was 

considerably improved towards 97% at 99.9% conversion over the Pd25Zn75/TiO2 catalyst, 

which is even higher than that observed in the batch reactor [3]. Bimetallic (Pt-Sn) and 

trimetallic (PtRuSn) nanoparticles were incorporated in thin silica films and tested in citral 

hydrogenation to UCOL. It was shown that the initial selectivity (30%) obtained in the wall-

coated capillary microreactor with bimetallic catalyst can be improved to 56% using a 

trimetallic one [69]. 

 

1.5 Research objectives and the layout of the thesis 

Mesoporous titania films doped with metal nanoparticles attract attention because 

of their potential applications in catalysis (photocatalytic reactions, selective hydrogenation 

etc.). To obtain the mesostructured materials with required properties (porosity, particles 

size, structure, thickness) it is important to control accurately the synthesis conditions 

during the preparation of mesoporous catalytic films. Different mono-, bi- and trimetallic 

catalytic systems are used for selective hydrogenation of α,β-unsaturated aldehydes. Main 

approach to obtain highly active and selective catalysts for this reaction is modification of 

the active noble metal (Pt) by more electropositive metal (Sn).  

Chapter 2 is devoted to the synthesis of mesoporous TiO2 and Au/TiO2 films. The 

influence of processing parameters, including the ratio of surfactant/metal precursor, pH of 

initial sol, and spinning speed, on the structure of the films was investigated. The films 

have been characterized by LA-XRD, TEM, FTIR spectroscopy of adsorbed CO and contact 

angle measurements. Control of the thickness of mesoporous titania films deposited on a 

variety of substrates was achieved by multiple spin–coating. Gold nanoparticles with an 

average size of 4.5 nm were embedded in the mesoporous titania films by condensation of 

metal oxide species via self-assembly in the presence of a known amount of gold colloids. 
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The complete surfactant removal leading to thermally stable mesoporous films was 

achieved at 573 K under a residual pressure of 10 mbar within 4 hrs. Under these 

conditions the Ti4+ sites were reduced to Ti3+ which might be responsible for a high 

selectivity to the unsaturated alcohols in the hydrogenation of citral over Au-containing 

supported catalysts.  

Chapter 3 describes a new approach for predicting the pore size distribution of 

mesoporous thin films using ellipsometric porosimetry which has been developed taking 

into account multilayer adsorption and capillary condensation phenomena. The improved 

Derjaguin - Broekhoff - de Boer model (IDBdB) was applied for estimating the mesopore 

size on titania and silica thin films deposited on a silicon substrate. An empirical expression 

for the disjoining pressure isotherm has been applied to represent the interaction between 

the adsorbate and the adsorbent. The parameters in the empirical expression have been 

obtained by fitting the multilayer region of an experimental isotherm on titania and silica 

films. Using these parameters, the desorption isotherms of ethanol were predicted and 

adjusted to the experimental data by fitting the Tolman parameter of the model, 

characterizing the surface tension for a curved surface. The IDBdB desorption model with a 

positive value of the Tolman parameter of 0.2 nm was found to describe accurately the pore 

diameter in a wide range of mesopores from 2.1 to 8.3 nm what was in a good agreement 

with results obtained by independent methods (TEM, XRD).  

The synthesis of Pt-Sn/TiO2 powder catalysts and films is presented in Chapter 4. 

The catalysts were synthesized at different conditions (Pt-Sn precursor types, impregnation 

techniques, adsorption time) and tested in citral hydrogenation reaction. A reaction rate in 

terms of TOF between 0.2 and 3.3 min-1 was observed in the hydrogenation of citral over the 

Pt-Sn/TiO2 powder catalysts. The selectivity to the UCOL was as high as 90% at a citral 

conversion above 95%. The activity of catalysts prepared by co-impregnation was three-folds 

higher than that of the catalysts prepared via successive impregnation, what could be 

attributed to an intimate contact between the metals. In the case of Pt-Sn/TiO2 films, their 

activity and selectivity strongly depend on the precursor type (colloids or clusters) and 

adsorption time. Thus, the catalytic film obtained from Pt-Sn clusters solution with 

adsorption time of 5 hrs shows the highest activity and selectivity to UCOL. 

Chapter 5 is focused on the demonstration of the potential of capillary microreactor 

by the results obtained in a selective hydrogenation of citral to UCOL. Two wall-coated 

microreactors (Au/TiO2 and Pt-Sn/TiO2) were made and tested in citral hydrogenation. The 
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influence of the reaction conditions, such as hydrogen and liquid flow, temperature were 

investigated. 

The synthesis and investigation of the new type of catalyst – ZnO nanowires doped 

with Pd nanoparticles of the different size – is presented in Chapter 6. These catalysts were 

tested in selective hydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol 

(MBE). ZnO nanowires without active metal particles possess very good catalytic properties 

and no deactivation. Pd/ZnO nanowires show 95% selectivity to MBE at 99% MBY 

conversion. A kinetic model is proposed to explain activity and selectivity of ZnO support 

and Pd/ZnO catalysts. 

Finally, in Chapter 7 the main conclusions of the previous chapters are 

summarized. 
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Abstract 

A new method of sol-gel polymer template synthesis of mesoporous catalytic thin 

films has been proposed which allows controlling the chemical nature of the film, the 

porosity, the film thickness and the loading with an active species. The mesoporous films 

with a long-order structure can be obtained in a narrow range of surfactant–to–metal 

precursor molar ratios from 0.006 to 0.009. The catalytic film thickness was varied from 

300 to 1000 nm while providing a uniform catalyst distribution with a desired catalyst 

loading (1 wt.% Au nanoparticles) throughout the film. The films were characterized by 

TEM, SEM, ethanol adsorption, and contact angle measurements. The calcination of the as-

synthesized films at 573 K reduced Ti4+ sites to Ti3+. A 300 nm thick Au-containing film 

showed an initial TOF of 1.4 s-1 and a selectivity towards unsaturated alcohols as high as 

90% in the hydrogenation of citral. Thicker films demonstrated a high selectivity towards 

the saturated aldehyde (above 55%) and a lower intrinsic catalytic activity (initial TOF of 0.7-

0.9 s-1) in the absence of internal diffusion limitations. 



Chapter 2  24 

2.1 Introduction 

Catalytic microstructured reactors are becoming widely recognized for their 

unique properties and potential applications in chemical industry [1, 2]. Their efficient use 

requires shaping of the catalyst usually by deposition of thin catalytic films on 

microchannel walls. Catalytic thin films can be produced on a substrate by different 

methods such as hydrothermal synthesis [3-7], anodic oxidation [8, 9], and evaporation-

induced self-assembly (EISA) [10, 11]. The latter is a variant of sol-gel synthesis [12-14], 

where either spin-coating or dip-coating is applied for destabilization of the initial sol. This 

method enables formation of highly ordered mesoporous films with various porous 

hierarchies.  

Recently, mesoporous titania thin films have attracted considerable attention in 

catalysis due to their large surface areas, narrow pore size distribution, and favorable 

surface properties [11, 15, 16]. The films obtained by either spin-coating or dip-coating have a 

narrow pore size distribution in the mesopore range but their thickness is limited to 300 

nm, which prevents their efficient use in microstructured reactors as the catalyst occupies 

less than 0.5 % of the reactor volume. There are several options to increase the film 

thickness, such as lowering the rotation speed during spin-coating (or increasing the 

solvent withdrawal speed during dip-coating) or increasing the viscosity of the initial sol. 

However, there is a narrow range of conditions leading to formation of mesoporous 

structures rather than disordered macroporous films. For the synthesis of sol-gel derived 

mesoporous titania thin films, the precursors need to be partially hydrolyzed under 

controlled conditions, so that subsequent polycondensation reactions yield a weakly 

branched polymeric metal oxide sol [15, 17-22]. The rates of hydrolysis and polycondensation 

reactions are controlled by the surfactant–to–metal precursor ratio, temperature, solution 

dilution level, and pH [15].  

The thickness of the mesoporous films can be increased by repeating the spin-

coating, aging and calcination steps. Recently the layer–by–layer deposition method of Ag 

doped silica and titania films has been reported [23]. It is well known that the specific 

surface area and the mesopore volume can be markedly reduced during calcination, which 

may also lead to shrinkage of the internal layers in a multilayer film if the surfactant is not 

completely removed [21]. Therefore it is important to develop a calcination protocol which 

allows removal of the surfactant at the lowest possible temperature.  
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In order to assess the feasibility of the proposed deposition method, the catalytic 

performance of the single and multilayer coatings should be compared in a catalytic 

reaction. This has to be fast enough for application in microstructured reactors and should 

include several subsequent steps to evaluate the performance in terms of both activity and 

selectivity. Citral hydrogenation has been chosen as a test reaction as this is a multi-step 

reaction and the presence of internal diffusion limitations substantially decreases the 

selectivity towards the semihydrogenated products. Gold nanoparticles have been chosen as 

an active metal to test the performance of structured Au/TiO2 catalysts in the hydrogenation 

of citral.  

Classical ways of deposition of Au nanoparticles, such as impregnation and 

deposition-precipitation could provide a uniform distribution with the active metal with a 

high metal dispersion. Nevertheless, the low reproducibility of these methods severely 

limits their applicability when applied to manufacturing of structured catalysts. 

Furthermore obtaining the desired loading with an active component in a single step is not 

straightforward [24]. On the other hand, the direct addition of metal nanoparticles into the 

Ti sol with subsequent aging and evaporation-induced self-assembly provides a good 

alternative to the post synthesis loading of the active component. The initial size and the 

chemical composition of the metal nanoparticles can be well controlled in a reduction by 

solvent method [24]. 

In view of the tailoring that is possible with microreactors, it is increasingly being 

recognized that major improvements in the selectivity of reactions can be achieved by 

changes in the catalyst and/or support structure rather than in process conditions. In this 

work a method is proposed to increase the thickness of catalytic mesoporous films while 

maintaining their morphology, long-range order and mesoporous structure. The particle 

size in a nanostructured catalyst, the pore size and the thickness of the mesoporous support 

can be independently controlled via a one-pot EISA synthesis. Prior to multistep synthesis, 

the surfactant–to– metal precursor ratio should be optimized to obtain stable films with a 

long order structure.  

Calcination conditions suitable for complete surfactant removal have been 

investigated by FTIR to obtain crack-free films of known thickness which required complete 

stabilization of the inorganic framework before the next deposition cycle. The morphology 

of the films was studied by LA-XRD, TEM, and ethanol adsorption-desorption isotherms. 

The film thickness was determined by ellipsometry and SEM. The strength of the different 
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acid sites was studied by FTIR spectroscopy of adsorbed CO at 77 K. The activity of the 

resulting Au/TiO2 catalysts was studied in the hydrogenation of citral. 

  

2.2 Experimental 

2.2.1 Preparation of mesoporous titania films 

Silicon and titanium substrates with a cross-section of 9.8x9.8 mm2 and a 

thickness of 0.5 mm were used. Prior to film deposition, the surface roughness of the 

silicon and glass substrates was increased to 500 nm as described elsewhere [13]. Solution A 

was prepared by mixing titanium isopropoxide (99.99 wt.%, Fluka) and an aqueous HNO3 

solution (65 wt.%, Fluka) under vigorous stirring. Solution B was prepared by dissolving 

Pluronic F127 (EO100–PO65–EO100, BASF) in ethanol (99.99 wt.%, Aldrich). After stirring 

for 1 hour, solution B was added to solution A. The resulting solution with a molar 

composition of 1 Ti(O-iC3H7)4: 0.005-0.009 Pluronic F127: 40 Ethanol: 1.3 H2O: 0.13 HNO3 

was stirred for 25 hours at 298 K (Figure 2.1). After an aging period of 25 hours, the 

solution was deposited on the substrates. The films were produced by spin coating at 1500 

rpm at a relative humidity (RH) of 80 %. The as-deposited films were kept at a RH of 80% 

for 48 hours and then were calcined at 573 K for 4 hours under a residual pressure of 10 

mbar with a heating rate of 1 K·min-1. 

 

 

 

Figure 2.1. Sol-gel synthesis of Au/TiO2 multilayer catalytic coatings. 

Source of H
+
: HNO3 

pH: 1.5-2.0 
F127/Ti molar ratio:  
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2.2.2 Preparation of Au/TiO2 catalytic mesoporous films 

A PVP-stabilized Au colloid solution in ethanol was prepared as shown in Figure 

2.2 and described elsewhere in detail [25, 26].  

 

 

Figure 2.2. A schematic view of the reduction by solvent method for the synthesis of Au 
nanoparticles. 

 

Poly-n-vinyl pyrrolidone (1.14. g) was added to anhydrous ethylene glycol to make 

solution 1. For solution 2, 0.39 g of HAuCl4 was dissolved in water. Then solution 2 was 

poured into solution 1 under stirring. The pH of the resulting mixture was adjusted to 9–10 

by adding a NaOH solution. The resulting solution was heated at 373K for 2 hours after 

which it was cooled to room temperature. The prepared nanoparticles were purified as 

follows: an aliquot containing the desired amount of nanoparticles was treated with a large 

excess of acetone. This treatment produced the extraction of the protecting polymer to the 

acetone phase, provoking flocculation of the metallic nanoparticles. After removal of the 

acetone phase, the purified colloids were re-dispersed in ethanol [26]. The average size of 

the Au nanoparticles was obtained by taking several TEM pictures and measuring 100 

individual nanoparticles in the colloid solution was found to be 4 nm [24]. 

A certain amount of the Au colloidal solution, calculated to obtain a 1 wt. % Au 

loading in the resulting mesoporous film, was mixed with Pluronic F127 at 323 K. Solution 

A (see section 2.2.1) was added and the resulting mixture (solution C) was aged for 2 hours. 

The precursor/surfactant ratio was chosen to be 0.009, and the pH value was 1.5. The films 

were deposited on the titanium substrates as described in section 2.2.1. Thicker films were 
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prepared from solution C by consecutive repetition of spin-coating, aging and calcinations 

steps after every deposition (see Figure 2.1). 

All films are referred to as TiO2(or Au/TiO2)-i-a. The roman numerals (I, II, or V) 

in the first index (i) denote the number of deposition cycles. The second index (a) stands for 

the surfactant–to–precursor molar ratio multiplied by 103. For example, a catalytic 

mesoporous film after 2 deposition cycles performed with a surfactant to precursor ratio of 

0.009 will be referred as Au/TiO2-II-9 hereafter.  

 

2.2.3 Characterization 

Low-angle XRD spectra were recorded on a Rigaku Geigerflex device with Cu Kα 

radiation (40kV, 40 mA), 0.01-0.02o 2 theta step size, with a counting time of 4.0 s. 2D 

SAXS was performed with a rotating anode X-ray generator (copper anode operated at 50 

kV, 30 mA; small focus) equipped with two adjustable optical systems. The Scanning 

Electron Micrographs (SEM) were obtained on a Quanta 3D FEG microscope at 30kV with a 

resolution of 1.2 nm. The Transmission Electron Micrographs (TEM) were obtained on a 

JEM-2010 microscope at 200kV with a resolution of 0.14 nm. Samples for TEM were 

prepared by placing a slice of the film removed from the substrate on a copper grid coated 

with a carbon film and dried under vacuum.  

Surfactant removal was studied by FTIR on a ВОМЕМ МВ 102 spectrometer in 

the 200 – 4000 cm-1 range with a resolution of 4 cm-1. CO adsorption at 77 K and 0.13 and 

13 mbar was studied on a Shimadzu FTIR-8300 spectrometer in the region of 400 – 6000 

cm−1 with a resolution of 4 cm−1 and accumulation of 100 scans. All FTIR studies were 

performed in transmission mode on supported films without any destruction of the 

samples. Each experiment required one sample. Prior to CO adsorption, the sample was 

pretreated in an IR cell at 673 K for 2 hours under a residual pressure of 0.01 mbar to 

remove adsorbed surface species. The strength of the Broensted acidic sites is referred to as 

proton affinity (PA) determined from IR-spectra by equation (2.1): 

                            
0

1
log( / )

0.00226
OH OH SiOH

PA PA ν ν= − ∆ ∆ ,                           (2.1) 

where a PA0 of 1390 kJ·mol-1 is the proton affinity of aerosil hydroxyl groups which is used 

as standard, a ∆υSiOН of 90 cm-1 is the frequency shift of the Si-OH vibration, and ∆υOH is 

the frequency shift of the OH vibration. The ∆υOH values were obtained from the FTIR 
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differential spectra. The latter were obtained by subtraction of the spectrum of the 

pretreated sample from the spectrum taken at the maximum saturation value [27]. 

The mesopore volume of the films and pore size distribution were determined by 

ellipsometric porosimetry (EP) from the desorption branch of the ethanol isotherms at 287 

K using the Bruggerman effective media approximation and the improved Deriaguin–

Broekhoff–de Boer model. The film porosity was calculated with an accuracy of ±3% based 

on the change of the effective refractive index between the empty film and the film filled 

with ethanol [28]. The thickness of the mesoporous films was determined on an M-2000F 

EC-400 spectroscopic ellipsometer (J.A. Woollam Co., Inc.). The applied optical model 

consisted of three layers: a silicon substrate layer, a native silicon oxide layer of 3 nm, and 

the mesoporous titania layer [28]. The contact angle of a water droplet of 2 µl on the 

substrates was measured on a Dataphysics OCA 30 device at 293 K and a RH of 40%.  

 

2.2.4 Catalytic activity 

Fifty Au/TiO2 films were clamped between two concentric rings at a distance of 1 

mm from each other. These two rings were connected to a central shaft which was used for 

stirring. This holder was placed in an autoclave reactor with a total volume of 270 ml. Prior 

to activity measurements, the catalytic films were reduced in situ at 523 K at a H2 pressure of 

12 bar for 12 hours to remove the surface oxygen. Then, the reactor was cooled to room 

temperature. The hydrogenation reaction was performed with 130 ml of a 0.01 M 

deoxygenated solution of citral in 2-propanol at 343 K and 12 bar H2 pressure. The stirring 

speed of the holder equipped with the plates was 1500 rpm. Analysis of the reaction mixture 

was performed off-line with a Varian CP-3800 gas chromatograph equipped with a CP-Sil 5 

CB capillary column (diameter: 1 mm, length: 30 m) and an FID detector. The carbon 

balance was closed within 99%. The turnover frequency (TOF) was calculated as follows: 

TOF = X·nC10H16O/(t·α·D·nTiO2), where X is the citral conversion, nC10H16O is the initial 

amount of citral in the reactor, nTiO2 is the amount of the titania support in the reactor, α 

and D are the Au loading and dispersion, respectively, and t is the reaction time. The Au 

dispersion was estimated as D ≈ 0.9/dTEM [29], where dTEM is the average particle size as 

recorded using TEM (nm). 

 

 

 



Chapter 2  30 

 

2.3 Results and discussion 

2.3.1 Single layer mesoporous titania films 

2.3.1.1 Influence of calcination temperature on the surfactant removal and film thickness   

To identify the range of conditions under which stable mesoporous titania films 

with a long order structure can be obtained, a series of single layer films were studied 

immediately after the synthesis as well as after storage in air for 2 months. 

Surfactant removal and dehydroxylation during calcination was studied over the 

sample TiO2-I-6 by FTIR. The most intense absorption bands of Pluronic F127 were 

observed in the FTIR spectra of the as-synthesized film at 1110 cm-1 and in the 2850-2930 

cm-1 range (Figure 2.3a).  

 

 

 

Figure 2.3. FTIR spectra of (a) Pluronic F127, and TiO2-I-6 film calcined at (b) 473 K, (c) 573 K. 

 

These bands were assigned to the C–O–C stretching, CH2 bending, and C–H 

stretching vibrations (see Table 2.1). They were used to monitor the surfactant removal 

during calcination. The formation of the Ti-O-Ti bridges during dehydroxylation of the 

terminal hydroxyl groups in the amorphous titania walls can be seen after calcination at 473 

K (Figure 2.3b). The complete removal of surfactant was achieved after calcination at 573 K 

for 4 hours (Figure 2.3c). It should be mentioned that film thickness decreases from 350 to 
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177 nm after calcination at 573K due to a contraction of the titania framework in the 

direction perpendicular to the substrate. Therefore it is of importance to obtain complete 

surfactant removal and stabilization of the inorganic network before deposition of the next 

layer. 

 

 Table 2.1. Vibration frequencies of different groups. 

Vibration  Frequency, cm-1 Reference 

C–O–C stretching 1110 [46] 

CH2 rocking 1060 [47] 

C-H stretching 2850 and 2923 [48] 

CO2 in gas phase stretching 2350 [49] 

H-O-H bending 1600 [50] 

Ti-O-Ti 430-860 [51] 

 

2.3.1.2 Influence of surfactant content in the sol on film porosity and stability 

Figure 2.4 (a-c) shows the XRD patterns of the as-synthesized titania films TiO2-I-

6, TiO2- I-7, (c) TiO2-I-9, while Figure 2.4 (d-f) shows patterns of the same films after 

storage in air for 2 months (spent films). The average film thickness after calcination was 

175 ± 5 nm. The unit cell parameter was calculated from the position of the (200) peak of a 

P6mm hexagonal structure. The unit cell decreases from 10.8 nm in TiO2-I-6 to 8.1 nm in 

TiO2-I-9. No long order structure was observed at a surfactant–to–precursor molar ratios 

below 6·10–3 and above 9·10–3 (not shown). All films have a 2D hexagonal structure (see 2D 

SAXS image in Figure 2.4, frame). The pattern consists of well-defined diffraction spots 

[30], which are distributed along an ellipse rather than a circle. This confirms an anisotropic 

contraction of the films during calcination [15]. 

A long order hexagonal structure was preserved in spent (after storage in air for 2 

months) TiO2-I-9 (Figure 2.4 (f)), while at a lower surfactant content (TiO2-I-a, a = 6 and 7) 

it disappeared in the spent films (Figure 2.4 (d) and (e)). The XRD results were confirmed 

by the TEM image analysis of spent TiO2-I-9 and TiO2-I-7 (Figure 2.5(a) and (b) 

respectively). A highly ordered mesoporous domain was observed in the TEM micrograph 

of TiO2-I-9. The average size of a unit cell, which includes one pore and one pore wall, is 

9.0 nm (22 unit cells over 200 nm). This value is close to that obtained from the XRD 

results. 
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Figure 2.4. LA-XRD patterns of mesoporous titania films: (a) TiO2-I-6, (b) TiO2-I-7, (c) TiO2-I-9 
as-synthesized, (d) TiO2-I-6, (e) TiO2-I-7, (f) TiO2-I-9 after storage in air for 2 months. A 2D SAXS 
image of TiO2-I-9 is shown in the frame. 
 

 

 

 

Figure 2.5. TEM images of the mesoporous titania films taken after storage in air for 2 months: 
(a) TiO2-I-9, (b) TiO2-I-7. 

(02) 

(11) 
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Typical adsorption-desorption isotherms of ethanol are shown in Figure 2.6. The 

type IV adsorption isotherm with a hysteresis loop and a narrow PSD was observed, 

indicating a strong support–adsorbate interaction [31]. The mean pore size increased from 

2.5 nm at a = 5 to 3.2 nm at a = 7 and finally to 3.5 nm at a = 9. These values are still lower 

as compared to that of 5 nm reported elsewhere [15]. The pore size distribution is narrow 

with a deviation of ±0.5 nm from the average value. Comparing the XRD, TEM and EP 

results it can be concluded that the thickness of the pore wall decreases with increasing 

surfactant content in the sol. The thickness of the pore wall can be calculated as the unit cell 

size minus the pore size. As the unit cell size decreases, the pore wall thickness also 

decreases from 8.0 nm in TiO2-I-6 to 4.5 nm in TiO2-I-9. At the same time, the film 

porosity increases from 14 to 25 % (Figure 2.7). These data yield evidence that increasing 

the surfactant content increases the mean pore size and the mesopore volume due to a 

larger micelle size at higher surfactant concentrations in the sol [11].  

 

 

 

Figure 2.6. Ethanol adsorption-desorption isotherms at 287 K and the pore size distribution for 
the film TiO2-I-9. 
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Figure 2.7. Dependence of the porosity, pore and unit cell sizes, pore wall thickness of 
mesoporous titania films on surfactant–to–precursor molar ratio: (a) unit cell size, (b) pore wall 
thickness, (c) pore size, (d) porosity. 
 

 

Thus, a stable hexagonal mesoporous structure was obtained only at a F127/Ti 

molar ratio of 0.009. This ratio was used for the synthesis of supported titania catalysts 

with embedded nanoparticles. 

 

2.3.1.3 Influence of pH of initial sol on the film structure 

Figure 2.8 shows the LA-XRD patterns of the titania films prepared from the 

solutions with a surfactant–to–precursor molar ratio of 0.009 at different pH values. The 

unit cell size decreased from 7.0 to 6.6 nm with increasing the pH from 1.5 to 1.8 (Figures 

2.8a and 2.8b). No ordered structure was observed at a pH of 2.0 (Figure 2.8c). It appears 

that the condensation rate at pH 2.0 is rather high, therefore no ordered structure can be 

produced.  
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Figure 2.8. LA-XRD patterns of TiO2-I-9 films, obtained from solutions with different pH values: 
(a) pH 1.5, (b) pH 1.8, (c) pH 2.0. 
 

 

2.3.1.4 Investigation of Lewis and Broensted acidity by FTIR of adsorbed CO 

Both Lewis and Broensted acidity of the titania surface were determined by CO 

adsorption. The effect of different surfactant content was studied over TiO2-I-5 and TiO2-I-9 

by FTIR of adsorbed CO (Figure 2.9). The adsorption bands at 2153 and 2156 cm-1 are 

related to СО adsorbed on the Ti-OH groups. The bands at 2141 and 2145 cm-1 are assigned 

to СО condensed in the mesopores (СО in  gas phase) [27], while those at 2123 and 2129 

cm-1 are characteristic for СО adsorbed on the Ti3+ species [32]. In both cases no adsorption 

band at 2180 cm-1 was observed, demonstrating the absence of unsaturated Ti4+ sites on the 

surface [33].  The reduction of the Ti4+ sites at 773 K gives the Ti3+ sites [34-37]. This effect 

was observed at already 573 K in [37]. However, further heating to 773 K significantly 

increased the amount of the reduced sites. In this study, the Ti3+ sites were formed after 

calcination of the mesoporous films at 573 K.  
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Figure 2.9. FTIR spectra of CO adsorbed on: (a) TiO2-I-9, (b) TiO2-I-5. Experimental conditions: 
temperature 77 K, CO pressure 13 mbar. The sample was pretreated in an IR cell at 673 K for 2 
hours under a residual pressure of 0.01 mbar to remove adsorbed surface species. 

 

 

 

Figure 2.10. Differential FTIR spectra of mesoporous titania films: (a) TiO2-I-9, (b) TiO2-I-5. 
Experimental conditions are the same as those in Figure 2.9. 
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The frequency shift of the OH-vibration (∆υOH) was obtained from the FTIR 

differential spectra (Figure 2.10, e 2.2). The hydroxyl groups in the both films possess 

strong acidic properties.  

 

Table 2.2. Acidic properties of titania films determined by IR of adsorbed CO. 

Sample υ1CO, cm-1 υ2CO, cm-1 υОН, cm-1 ∆υОН, cm-1 PA1, kJ·mol-1 

TiO2-I-5 2123 2156 3570, 3674, 

3725 

 

168 1270 

TiO2-I-9 2129 2153 3570 98 1373 

        1PA – proton affinity 

 

Thus, pretreatment at 573K at low pressure creates reduced Ti3+ sites in the 

mesoporous films. 

 

 2.3.1.5 Influence of porosity on hydrophilic properties 

Surface hydrophilicity of films is an important parameter when they are applied in 

multiphase catalysis. In order to improve the interactions between a heterogeneous catalyst 

and the reactants flowing in the liquid film, it is of prime importance to ensure good 

wetting of the surface. High surface hydrophilicity provides stabilization of the liquid flow 

around the catalyst, which can substantially reduce the pressure drop in the microreactor. 

The surface concentration of hydroxyl groups was studied before and after UV-treatment by 

measuring the contact angle of a water droplet on the films obtained with different 

surfactant–to–precursor ratios (series TiO2-I-a, where a = 5, 6 and 7). The initial contact 

angle was 35, 32, and 30 ± 1o over TiO2-I-5, TiO2-I-6, and TiO2-I-7, respectively. After a UV 

treatment for 2 hours, the water contact angle decreased to 14 ± 1o over TiO2-I-5.  Samples 

TiO2-I-6 and TiO2-I-7 were more hydrophilic with contact angles of 9 ± 1o and 8 ± 1o, 

respectively. The film surface became superhydrophilic on all samples after 5 hours of UV 

irradiation. In this state, the highest concentration of surface hydroxyl groups (>15 OH per 

nm2) was created on the surface [22]. The difference of hydrophilicizing rate of films is 

related to their different mesoporosity. The films with a higher mesopore volume and larger 

surface areas enhance their hydrophilicity owing to a so-called two-dimensional capillary 

phenomenon [38, 39]. 



Chapter 2  38 

Based on the results described above, it can be concluded that there exists a narrow 

range of the surfactant–to–metal precursor ratios between 0.006 and 0.009 leading to 

formation of mesoporous titania films with a high degree of long-order structure. The 

thickness of the pore wall decreases while the porosity and the long term stability increase 

with increasing the surfactant content in the initial sol. A higher porosity is beneficial to 

rapid diffusion of the reactants and products, especially in thicker films. The templating 

agent can be completely removed from the film by calcination at 573 K at a residual pressure 

of 10 mbar for 4 hours. Under these conditions Ti4+ sites are reduced to Ti3+. A F127/Ti 

molar ratio of 0.009 and optimized calcination conditions were chosen for the synthesis of 

multilayer films. 

 

2.3.2 Multilayer mesoporous catalytic titania films 

After optimization of synthesis parameters for a single layer, Au-containing 

catalytic films with two, three, and five consequent layers were synthesized and analyzed as 

described in section 2.2.2 (Table 2.3). The thickness gain was almost the same in the first and 

second deposition cycles. The similarity of the deposition process indicates that the UV-

induced superhydrophilic state of the surface has a minor influence on the thickness of the 

film layer. However, in the third and fifth deposition runs less material was deposited per 

deposition cycle. This might be related to an increased surface roughness of the films after 

multiple depositions . On the surface of spin-coated films derived from alkoxide solutions is 

often observed the so called “radiative striation”, i.e. circumferential unevenness in 

thickness or radially extended ridges. Striations can scatter the solution from the next 

deposition cycle resulting in a smaller growth rate. It can be seen from a cross sectional 

view of the film in Figure 2.11 that a significantly heterogeneous thickness profile is 

obtained after five deposition cycles.  The mean film thickness is 1 µm; however the film 

contains thicker and thinner areas with an on-scale difference of several tens of 

micrometers. In spite of non-uniform growth rate, a proportional weight gain confirms 

uniform porosity throughout the film.  

A narrow pore size distribution with a mean pore size of 3.1 ± 0.2 nm was 

observed on the Au/TiO2-I-9 and Au/TiO2-II-9 samples according to both TEM and EP 

analysis (not shown). Both samples had a smaller mean pore size as compared to that of the 

titania support (3.5 ± 0.2 nm) due to a partial pore blockage by the Au nanoparticles.  
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Table 2.3. Characteristics of mesoporous films Au/TiO2-i-9. 

1 weight is given for fifty films on substrates of 9.8 x 9.8 mm2 
2 apparent density is given as weight divided by the coating volume 
3 TOF decreased to 0.26 s-1 in 16 min 
n.d. – not determined  
 

 

Figure 2.11. SEM image of Au/TiO2-V-9. 

2.3.3 Catalytic tests in the hydrogenation of citral 

Citral hydrogenation has been chosen as a test reaction as this is a multi-step 

reaction and the presence of internal diffusion limitations substantially decreases the 

selectivity towards the semihydrogenated products (unsaturated alcohols, nerol and geraniol 

(UCOL) and/or saturated aldehyde citronellal (CAL), Scheme 2.1).  

Citral conversion linearly increased with time from the beginning of the reaction, 

demonstrating the zero reaction order for citral (Figure 2.12). A citral conversion of 81.2% 

was achieved after a reaction time of 40 hours over Au/TiO2-I-9. In the beginning of 

hydrogenation, UCOL was the main product with a selectivity as high as 90% while the 

hydrogenation of the C=C double bond was completely suppressed.  

 

Number of 

deposition 

cycles 

Thickness, nm Weight1, mg Apparent 

density2,       

g·cm-3 

Initial TOF, s-1 

1 300 0.6 0.40 1.4 

2 590 1.1 0.37 0.7 

3 660 1.3 0.39 n.d. 

5 1000 2.0 0.40 0.93 
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Scheme 2.1. Main products in citral hydrogenation. 

 

 

Figure 2.12. Citral conversion and products selectivity on Au/TiO2-I-9 as a function of the 
reaction time. Reaction conditions: temperature 343K, 12 bar H2, 0.01 M citral solution in 2-
propanol, stirring speed 1500 rpm, catalyst mass 0.6 mg. 
 

Further hydrogenation of unsaturated alcohols resulted in the increase of 

selectivity to citronellol (COL) up to 14.5 %. At a citral conversion of 70%, citronellal and 

3,7-dimethyl-1-octanol (DMOL) were produced with a selectivity of 15.3 and 8.4%, 

respectively (Figure 2.13(a)).  
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Figure 2.13. Selectivity as a function of citral conversion over (a) Au/TiO2-I-9; (b) Au/TiO2-II-9; 
(c) Au/TiO2-V-9. Reaction conditions are the same as those in Figure 2.12. The weights of the 
catalytic coatings are 0.6, 1.3 and 2.0 mg for (a), (b) and (c), respectively. 

 

 

The thicker films (Au/TiO2-II-9 and Au/TiO2-V-9) showed a lower selectivity to the 

unsaturated alcohols as compared with Au/TiO2-I-9 (Figure 2.12 (b) and (c)). Citronellal was 

the main product on the multilayered films with a substantial amount of citronellol at the 

end of the hydrogenation runs. Formation of the fully saturated product (3,7-dimethyl-1-

octanol) was not observed.  

The maximum coating thickness (h) to avoid internal diffusion limitations can be 

estimated for a zero-order reaction as h = c/(kv/De)
0.5, where kv is the volumetric reaction rate 

(see Table 2.4) and De is the effective diffusivity in the mesoporous network and c is a 

constant which depends on the reaction order and the catalyst geometry [40].  

 

Table 2.4. Characteristics of the Au/TiO2-i-9 thin films. 

Parameter Value 

Apparent density, kg m-3 400 

Metal dispersion, – 0.2 

Au loading, wt.% 1.0 

Volumetric reaction rate, 3 3 1

L cat
m m s

− −

⋅ ⋅  1.4 

Film porosity, – 0.3 
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The maximum coating thickness for a single plate was found to be 5 µm in the 

beginning of the reaction run, when the zero order in citral was observed. This is in line 

with the observed selectivity patterns. The selectivity towards the fully hydrogenated product 

was rather low over Au/TiO2-V-9 even at high citral conversions. 

It should be mentioned that at higher citral conversions, the reaction order with 

respect to citral gradually increased towards 1 and the maximum thickness to avoid internal 

diffusion limitations decreased to 0.7 µm. Therefore, the effective reaction rate over 

Au/TiO2-V-9 was lower than the intrinsic rate observed over Au/TiO2-II-9. From the 

effective reaction rate it is possible to estimate the effective diffusion coefficient of citral in 

catalytic films (Deff) which is related to the molecular diffusion coefficient of citral (Dm) by 

equation (2.2).  

       
meff

DD
τ

εσ
=               (2.2) 

For the case considered in this study, Deff =9·10-12 m2/s, Dm =2·10-10 m2/s, the 

tortuosity factor (τ ) is assumed to be 1, and the mean porosity (ε ) is equal to 0.3 giving the 

constriction factor (σ ) of 0.15. Such a low value for the constriction factor indicates that the 

Au nanoparticles substantially reduce effective cross-sectional area available for reactant 

diffusion.  

The initial intrinsic reaction rate in terms of TOF was ca 1.4, 0.7 and 0.9 s-1 over 

Au/TiO2-I-9, Au/TiO2-II-9 and Au/TiO2-V-9, respectively. In the absence of internal 

diffusion limitations, such differences can be related to different electronic states of the Au 

nanoparticles in thin (Au/TiO2-I-9) and thick (Au/TiO2-II-9, Au/TiO2-V-9) films. In 

Au/TiO2-I-9, the titanium substrate has a much larger influence on the electronic state of 

the titania film, which might substantially change the electronic properties of the embedded 

gold nanoparticles. There was also a dramatic change in the selectivity pattern between thin 

and thick catalytic films (Figure 2.13): unsaturated alcohols were the main products over 

Au/TiO2-I-9 while the yield of saturated aldehyde was much higher over the thicker films. A 

similar enhancement of the reaction rate as compared to that over the bulk material was 

observed in the water-gas shift reaction when a thin film of molybdenum carbide catalyst 

with a thickness of 50 nm was deposited on a molybdenum substrate [41]. However, this 

effect mostly disappeared in a thicker film, when the thickness of the Mo2C layer was 

increased up to several microns. 
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It should be mentioned that the transport mechanisms within mesopores can be 

different. These include Knudsen diffusion, molecular diffusion in disordered domains and 

diffusion in the capillary-condensed phase [42]. In a three phase reactor, the catalyst is 

usually contacted by a single fluid phase. However the pores can be emptied by 

vaporization, the necessary energy for which is supplied in part by the reaction heat. 

Reaction in the gas-filled pores can dominate even if the coating is mostly filled with liquid. 

This might explain observed small deviations in the initial reaction rate between Au/TiO2-

II-9 and Au/TiO2-V-9.  

TEM images of Au/TiO2-II-9 (both fresh and after reaction) are shown in Figures 

2.14 (a) and (b). Disordered mesoporous domains can be seen after the reaction, however 

the Au nanoparticles kept their initial size of 4.5 nm.  

 

 

 

Figure 2.14.  TEM  images of the  mesoporous Au/TiO2  films:  (a) fresh  Au/TiO2-II-9, 
(b) Au/TiO2-II-9 after reaction, (c) fresh Au/TiO2-V-9, (d) Au/TiO2-V-9 after reaction. 

 

From the TEM images it is difficult to assess the location of nanoparticles, 

however, the following hypothesis may be drawn. Lower diffusivity of citral as compared to 

that expected in completely open mesopores and smaller pore size in the catalytic films 
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from the EP analysis demonstrate that nanoparticles are partially embedded into the 

amorphous titania wall. The unit cell, which comprises one pore and the wall between two 

adjacent pores, is equal to 8.1 nm (Figure 2.7). Therefore, the pore wall thickness is 

estimated to be 4.5 nm. The nanoparticles with a size smaller than the pore wall thickness 

can be in principle fully embedded into the wall. Even in that case, nanoparticles can be 

accessible for the reactants via micropores. A significant and unique feature of polymer 

templated mesoporous titania films is the presence of complimentary microporosity in the 

amorphous titania walls. These complementary pores interconnect adjacent mesopores 

which allows reactants to diffuse to the nanoparticles embedded into the wall. However in 

this study, the mean nanoparticle size is about the same as the pore wall thickness.  

On the other hand, if the nanoparticles are located outside the mesoporous 

network, then the effective diffusivity of citral should be much higher. From the TEM, EP 

and kinetic measurement analysis, it can be concluded that nanoparticles are partially 

embedded into the titania wall and to some extend are protruded towards the adjacent 

mesopore but not fully blocking them. 

The mean Au particle size in Au/TiO2-V-9 after the reaction (Figure 2.14(d)) was 

larger (7.0 nm) as compared to that in the fresh film (Figure 2.14(c)). This film has larger 

disordered areas which can result in two diffusional pathways characterized by different 

diffusivities, namely those in the inner pore space and those between the ordered domains 

(Figure 2.14 (c) and (d)). A slightly larger gold nanopaticle size might be responsible for a 

higher initial TOF over Au/TiO2-V-9 as compared to that expected if the intrinsic activity of 

Au would remain constant.  

No deactivation was observed over Au/TiO2-I-9 and Au/TiO2-II-9 during the whole 

reaction period, while the TOF decreased from 0.9 to 0.26 s-1 over Au/TiO2-V-9 within the 

first hour of reaction. It appears that the agglomeration of Au nanoparticles, which are not 

fully embedded into mesoporous domain, led to irreversible deactivation [43]. The 

deactivation could also be due to a partial collapse of the mesoporous network in Au/TiO2-

V-9. As a result, larger mesopores are formed and the Au nanoparticles can be physically 

blocked. However, a detailed study on the origin of deactivation of Au/TiO2-V-9 was beyond 

the scope of this paper and will be reported elsewhere. 

The new method of making mesoporous catalytic thin films allows to control the 

chemical nature of the film, its porous texture, the film thickness and the loading with an 

active metal, as well as provides the “freedom of choice” of the catalytic species, which can 
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further be fine-tuned to fit specific applications. In addition to the Au nanoparticles 

considered in this study for the hydrogenation of citral, Pd nanoparticles can also be 

embedded into mesoporous titania films for the selective hydrogenation of phenylacetylene 

to styrene [44], while PdZn bimetallic nanoparticles can be employed in semihydrogenation 

of terminal acetylene alcohols to ethylene alcohols [45]. Successful implementation of this 

method will further depend on the capability of scaling the synthetic protocol from a 

substrate of a few square centimeters to that of a few meters while maintaining film 

uniformity.  

 

2.4 Conclusions 

Control of the thickness of mesoporous titania films deposited on a variety of 

substrates was achieved by multiple spin-coating. The thickness gain with each deposition 

cycle consistently decreased from ca. 300 nm per cycle in the first cycle to 200 nm in the 

last cycle. Gold nanoparticles with an average size of 4.5 nm were embedded in mesoporous 

titania films by the condensation of metal oxide species via self-assembly in the presence of 

a known amount of gold colloids. The complete surfactant removal leading to thermally 

stable mesoporous films was achieved at 573 K under a residual pressure of 10 mbar within 

4 hours. Under these conditions the Ti4+ sites were reduced to Ti3+ which might be 

responsible for a high selectivity to the unsaturated alcohols in the hydrogenation of citral 

over Au-containing supported catalysts.  
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Abstract 

Ethanol adsorption-desorption isotherms on well-organized mesoporous silica and titania 

films with hexagonal pores structure were studied by ellipsometric porosimetry. The 

mesopore volume was calculated from the change of the effective refractive index at the end 

points of the isotherm. An improved Derjaguin – Broekhoff – de Boer (IDBdB) model for 

cylindrical pores is proposed for the determination of the pore size. In this model, the 

disjoining pressure isotherms were obtained by measuring the thickness of the ethanol film 

on a non-porous film with the same chemical composition. This approach eliminates 

uncertainties related to the application of the statistical film thickness determined via t-plots 

in previous versions of the DBdB model. The deviation in the surface tension of ethanol in 

the mesopores from that of a flat interface was described by the Tolman parameter in the 

Gibbs – Tolman – Koening – Buff  equation. A  positive   value of the  Tolman  parameter 

of 0.2 nm  was  found  from  the  fitting  of  the desorption  branch of the  isotherms  to  the   
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Experimental data obtained by Low Angle X-Ray Diffraction and Transmission Electron 

Microscopy measurements in the range of pore diameters between 2.1 and 8.3 nm.  

 

3.1 Introduction 

3.1.1 Ellipsometric porosimetry 

One of the main challenges in using microstructured reactors for heterogeneously 

catalyzed gas-phase and multiphase reactions is the characterization of the catalytic active 

phase. The specific surface area in microstructured reactors is generally increased by 

applying thin porous coatings on the channel walls [1]. Then, the porous layer can be made 

catalytically active. However, the performance of such catalysts is extremely dependent on 

the characteristics of the pore volume such as the total porosity, pore size distribution, and 

porous structure before and after catalysts deposition. The properties of catalytic thin films 

deposited onto a substrate surface sharply differ from the bulk properties of the material [2, 

3], therefore characterization of similar pelletized materials can not provide reliable 

information. 

Consequently, much development has recently taken place for mesoporous film 

characterization through techniques as positron annihilation lifetime spectroscopy [4, 5] 

(PALS), small angle neutron and X-ray scattering (SANS, SAXS), X-ray reflectance, and 

Rutherford backscattering spectroscopy [6-9]. Most of these techniques can yield precise 

information on the porosity and pore size distribution, but the interpretation of the ratio of 

the open/closed pores in a film, which is a fundamental parameter, is not always 

straightforward. On the other hand, the potential in using optical methods, such as 

ellipsometric porosimetry [10], for resolving microstructural and dynamic information has 

not fully been exploited yet. In most cases when ellipsometry is applied in material science, 

it has been used for determination of the film thickness. The potential in using ellipsometry 

data for resolving microstructural information has not fully been exploited in the literature 

so far. 

The principle of ellipsometric porosimetry is based on the evaluation of the optical 

characteristics of a porous film during the vapor adsorption in the pores. Ellipsometric 

porosimetry is more informative in comparison to classical adsorption porosimetry, and is 

much simpler than, for example, SANS or positron annihilation methods [11]. In addition to 

structural characteristics, the heat of adsorption of volatile adsorbates on different surfaces 
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can also be determined via the measurement of the optical characteristics at different 

temperatures [12-14]. 

  

3.1.2 Data processing   

The Kelvin condensation model is widely used for the characterization of porous 

structures, especially for mesoporous solids, while a few authors have reported its 

underestimation of the pore size in the nanometer region [11, 15-18]. Despite of that, the 

Kelvin model was often applied with ellipsometric porosimetry, when methanol, ethanol, or 

water were used as adsorbates due to the lack of another appropriate model that is accurate 

enough for mesopores as well as handy enough for widespread use [11, 19, 20] . 

Dependence of the relative pressure p/p0 on the meniscus curvature is described by the 

Kelvin equation:     
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where νL is the molar volume of the liquid, γ  is the surface tension at the solid/liquid 

interface, R is the universal gas constant, and T is the temperature [21].  

At the same time, the pore size can be calculated from the adsorption (or 

desorption) isotherms in terms of the conventional capillary condensation methods. For 

example, the methods suggested by Barrett, Joyner, and Halenda (BJH) [22] and by 

Derjaguin, Broekhoff, and de Boer (DBdB) [21] for estimating the mesopore size, were 

implemented in various studies. A considerable improvement in the pore range between 2 

and 6 nm was achieved by the Kruk–Jaroniec–Sayari (KJS) approach [23]. These authors 

applied a modified form of the Kelvin equation which incorporates the statistical film 

thickness (t, adsorbed film on the pore walls) via the Harkins-Jura equation of the following 

form: 
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where t is the thickness in nm measured on a macroporous support.  

Neimark et al. demonstrated that the modification of the classical DBdB theory for 

capillary condensation/evaporation in mesororous systems, by taking into account the 

dependence of the surface tension and the disjoining pressure on the pore wall curvature, 
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results in a much better agreement between theory and experiment for a wide range of 

mesopores [24, 25]. According to the classical DBdB theory, the desorption from an open-

ended cylindrical pore with a radius RP and a thickness of the adsorbed film h is determined 

by the balance of the capillary and disjoining pressures [26, 27]: 
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Equation 3.3 contains the disjoining pressure isotherm, )(hΠ , on a flat (non-

porous) film with the same thickness h as in the pore. By assuming the complete wetting of 

the surface, Churaev et al. [28, 29] proposed the following form for the disjoining pressure 

isotherm of the liquid film at the surface of a solid:
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where 1Π  is the strength of the surface force field (which depends on the surface 

hydrophilicity, or in other words on the number of hydroxyl groups per unit of surface area) 

and 1λ  is the decay length ( 1λ  characterizes the range of structural forces action). This 

form of isotherm can be used for surfaces characterized by weak interaction with the 

adsorbed medium, e.g. for adsorption of toluene on mesoporous silicas [30]. Then, the 

disjoining pressure isotherm )(hΠ  for the liquid absorbate film in a pore is given as 

follows: 
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Currently, it is generally accepted that the surface tension for a curved surface of 

radius ρ )(ργ , on a liquid-vapor interface depends essentially on the radius of the 

curvature, ρ, for all sizes within the mesopore range [31]. The change in the surface tension 

in cylindrical mesopores as compared to that on a flat surface is described by the Gibbs-

Tolman-Koening-Buff (GTKB) equation [32-34]: 

                                                                   
ρ

δ
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)(                                                         (3.6) 

where 
∞

γ  is the surface tension for the bulk fluid on a plane surface, and δ is the Tolman 

length, which is defined as a curvature-correction coefficient in the surface tension of a 

liquid droplet or a film (in other words, the Tolman length describes the separation between 
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the equimolar surface and the surface of tension). This approach is widely adopted in 

literature and remains today a commonly-used method for treating adsorption phenomena. 

 

3.1.3 The Tolman length 

In agreement with recent density functional theory (DFT) and molecular 

simulations, it is generally accepted that the Tolman length is positive for a gas bubble 

surrounded by a liquid [35-38]. However in several studies, δ was predicted to be negative (it 

means that the surface tension of a large droplet is greater than that of the planar one) [39-

41]. Miyata et al. [33] suggested that δ has a negative value for a liquid film on a curved solid 

wall. Using density functional theory, Stecki et al. [42, 43] investigated the effect of the wall 

curvature on the surface tension at the liquid-solid interface. They showed that for a fluid in 

contact with a hard wall, the Tolman parameter can be either positive or negative depending 

on the bulk density of the fluid and the temperature. For a fluid near a hard wall, Bryk et al. 

obtained a negative Tolman length [44]. While the sign of δ is still controversial due to a lack 

of experimental data [45], the magnitude of δ was predicted to be on the order of the 

molecular size of the adsorbate or the liquid-phase intermolecular distances, i.e. 0.2-0.4 nm 

for small (mono and di- and tri- atomic) molecules [32]. This prediction was recently 

confirmed by various quasi-thermodynamic and statistical-mechanical approaches. A 

Tolman length of 0.3 ± 0.1 nm was reported for argon and nitrogen [34, 46, 47]. A constant 

value of δ of 0.16 nm was reported for water by Gurkov et al. [48]. For water at a water/gas 

interface, the Tolman length increases from 0.12 to 0.28 nm [49] as the temperature 

increases from 372 to 615 K. A Tolman length of 0.46 nm at a saturated hydrocarbon/gas 

interface was found to be almost constant for all paraffins from n-C5H12 to n-C17H36 [48]. 

The latter means that the ratio of the Tolman length to the molecular diameter decreases as 

the range of interaction between molecules becomes larger. This conclusion was recently 

confirmed by means of large-scale molecular dynamics simulations [50]. The strength of 

intermolecular interactions can significantly affect the magnitude of the Tolman length. 

When the range of interaction is longer than five molecular diameters (e.g. for non polar 

fluids), the Tolman length is on the order of a few hundredths of the molecular diameter, 

which is much smaller than previously reported.  

An improved Derjaguin – Broekhoff – de Boer model (IDBdB) with cylindrical 

pores was applied in earlier studies to describe the adsorption equilibrium [33, 47]. This 

model takes into account both the thickness of the liquid adsorbate film and the deviation 
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in surface tension of the liquid adsorbate in the mesopores from that on a flat interface. 

However previous studies rely on the assumptions made either on the Tolman length [33] or 

adsorbate film thickness [47].  

The main purpose of this work is to demonstrate the applicability of an improved 

Derjaguin – Broekhoff – de Boer model for determination of the pore size distribution of 

different mesoporous thin films in a wide range of pore diameters. Recent progress in the 

synthesis of silica and titania mesoporous thin films [51-54], with monosized cylindrical 

pores ranging between 2 and 9 nm, allows us to make a major improvement in the IDBdB 

model. In this study, the film thickness was directly measured by ellipsometry on non-

porous films with the same chemical composition. This approach eliminates uncertainties 

related to the application of the statistical film thickness determined via t-plots in previous 

versions of the IDBdB model, which in turns allows considerably increase of the accuracy in 

the determination of the Tolman length. 

 

3.2 Description of adsorption and desorption models 

3.2.1 Adsorption model 

The relation between the critical film thickness during spontaneous condensation 

and the capillary radius as a function of the relative pressure for an open-ended cylindrical 

pore is determined by a system of algebraic equations (3.7) [47]: 
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The solution of the system of equations (3.7) requires the parameters for the 

disjoining pressure isotherms: the strength of the surface force field ( 1Π ) and the decay 

length ( 1λ ). These parameters have been obtained on non-porous flat films with the same 

chemical composition. In other words, the curvature effects of the solid-fluid potential are 

not considered in these isotherms. In an earlier study, Kowalczyk et al. [47] reported that for 

mesoporous materials such approach seems to be correct, as they did not observe any 

differences between the data obtained by this approach and those simulated via DFT 

methods. 
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3.2.2 Desorption model 

The desorption of an adsorbate from a cylindrical pore is determined by the 

Derjaguin equation (Eq. 3.8) [55]: 
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Following the approach of Miyahara et al. [34], we applied the GTKB equation for 

the spherical interface in Eq. 3.8. The thickness of the adsorbate film (h) on the pore walls is 

given by Eq. 3.9 [34]: 
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Combination of equations (3.8) and (3.9) gives a relation between the critical film 

thickness and the critical capillary radius during desorption as a function of p/p0.  

The only unknown parameter is, therefore, the Tolman length. From the 

preceding section, it can be concluded that this parameter can be either positive or negative 

depending on the bulk density of the fluid and its magnitude for small molecules varies 

between 0.15 and 0.4 nm. In this paper, we calculated the condensation and evaporation 

curves for ethanol adsorption on mesoporous thin films with several values of the Tolman 

parameter δ to obtain the best agreement with experimental XRD, TEM, and porosity data, 

the latter being obtained by ellipsometric porosimetry.   

 

3.3 Experimental 

Usually, high vacuum systems are used for ellipsometric porosimetry 

measurements. The necessity to provide a smooth change of the pressure in the mbar range 

considerably increases the stabilization time required to reach the intended pressure set-

points. Furthermore, heat transfer from the sample holder to the substrate containing the 

thin film is extremely slow at low pressures. This requires that the substrate material be 

polished from its back side before the measurements, which increases the costs and the 

time on sample preparation. In this work, we present a novel design of a flow cell for in situ 

ellipsometric measurements at ambient pressure. Furthermore, there is a possibility to 
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measure the kinetics of the adsorption process when a surface comes into contact with an 

adsorbent and a new steady state coverage is reached.  

3.3.1 The optical flow cell 

Figure 3.1 shows the experimental set-up which consists of a gas mixture 

preparation section, a flow cell with the sample holder, and an analysis system. The 

temperature of the measurements was fixed at 287 ± 0.2 K, unless mentioned otherwise. 

This temperature was easily maintained with a high precision by a continuous flow of 

cooling gas (air) and an electrical heater positioned inside the sample table. Ethanol 

(99.99%) was chosen as the liquid adsorbate because its saturated vapor pressure at 287 K 

can provide a similar number of data points on the adsorption (and desorption) isotherms 

as that obtained in nitrogen adsorption studies. The temperature of the outer shell of the 

flow cell was kept at 303 K. To cover the whole range of the required liquid flow rates, two 

liquid flow controllers µ-FLOW L01 (Bronkhorst B.V.) for the 25 – 500 mg·h-1 range and 

LIQUI-FLOW® L13 (Bronkhorst B.V.) for the 0.5 – 10 g·h-1 range were used (see Figure 3.1). 

Both controllers were with a turndown of 1:20 and a setting time of 4 and 2 s, respectively. 

A gas flow controller provided flow rates for He between 0.1 and 2.0 L·min-1 (STP) with a 

turndown of 1:20 and a setting time of 2 s. The ethanol and He flows were mixed in a CEM 

system (Controlled Evaporation and Mixing, Bronkhorst B.V.) maintained at 343 K. As a 

result, ethanol was evaporated and mixed with the He flow. The lowest partial pressure of 

ethanol was 0.10 mbar corresponding to a p/p0 ratio of 0.0025 and the highest one, 

calculated from Antoine’s equation [56], was 39 mbar corresponding to a p/p0 ratio of 0.95. 

A gas flow rate in excess of 0.4 L·min-1 (STP) was required for stable operation, far too large 

to maintain the temperature of the flow cell with high accuracy. Therefore, the flow was 

split up into two streams and the flow to the cell was controlled at 150 mL·min-1 (STP) by an 

additional mass flow controller. The pressure in the cell was maintained at 1.05 bar (just 

above the highest possible atmospheric pressure) by a back pressure controller. To 

condense ethanol from the outlet streams, a temperature of 243 K was maintained in the 

condensing loops by a Lauda thermostat.  
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Figure 3.1. Schematic view of the ellipsometric porosimetry flow cell set-up: (1) and (5) gas mass 
flow controller, (2) and (3)  liquid flow controllers, (4) ethanol evaporator, (6)  light source of the 
ellipsometer,  (7) detector,  (8) back pressure controller,  (9) vacuum pump,  (10) flow cell, (11) 
sample table. (T1) – (T5) temperature sensors. An enlarged view of the sample holder is shown in 
the frame. 
 

3.3.2 Sample pretreatment and optical measurements 

Two samples of mesoporous titania films with different pore sizes (referred to as 

samples MT1 and MT2) and one with a mesoporous silica film (referred to as sample MS1) 

deposited on silicon substrates of 10 x 10 mm2, were investigated. The samples were 

obtained using non-ionic surfactant Pluronic F127 as a template, Ti(O-iPr)4 and TEOS as Ti- 

and Si-source, respectively, and ethanol as a solvent. The detailed procedure of the sample 

preparation is decribed elsewhere [53, 54]. Similar non-porous titania and silica films were 

prepared by the same method without addition of the surfactant (referred to as NT and NS 

for titania and silica films, respectively). Those were used to determine the thickness of the 

liquid ethanol film as a function of its relative pressure.  

Prior to adsorption, all samples were pretreated following the procedure shown in 

Figure 3.2 (a, b). The dynamics of the ellipsometric signal (Ψ/∆) during the pretreatment 

steps are shown in Figure 3.2c. At first, the samples were evacuated (pressure profile is 

shown in Figure 3.2a), then heated to 573 K with a heating rate of 10 K/min followed by a 

dwelling interval of 30 min (temperature profile is shown in Figure 3.2b). The residual 

pressure was maintained in the range of 0.08-0.10 mbar during the pretreatment step. To 

improve the heat exchange between the substrate and the sample holder, a He flow of 1 

mL·min-1 was released into the cell just below the sample. Then, the sample was cooled 
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down to 287 K with a cooling rate of 10 K·min-1 and the cell was filled with helium till 1.05 

bar. After pressure equalization, the cell was closed and the ethanol flow was set at the 

lowest set-point. After an equalization time of 20 s, a flow of 150 ml·min-1 was directed to 

the cell and the adsorption kinetics was monitored by a Woollam M-2000F, EC-400 

ellipsometer with a polarised He–Ne laser beam with a wavelength of 633.5 nm incident at 

an angle of 68.00 ± 0.01° in relation to a plane normal to the surface.  

 

 
Figure 3.2. The sample pretreatment procedure: (a) pressure, (b) temperature, and (c) 
ellipsometric signal (Ψ/∆) as a function of the pretreatment time. 

 

The need to measure the thickness of very thin films, and to characterize thin 

interlayers requires to take into account all possible uncertainties in the parameters that can 

affect the accuracy of an ellipsometric measurement. The accuracy depends on the 

measured angles ∆ and Ψ, the angle of incidence φ, the refraction index of the substrate, 

and the wavelength of the light. In this study, the accuracy of the effective refractive index 

was 0.001, while the uncertainties of the measured angles ∆ and Ψ were below 0.01o. The 

thickness uncertainty at a film thickness in the range 0.1 -1.0 nm was 3% at a wavelength of 

633.5 nm [57]. 
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Optical measurements were carried out after stabilization of the Ψ/∆ signal, 

usually in 2-3 min. A typical diffusion time for the achievement of the steady state is 

2
~ /D eL Dτ , where L is the thickness of the film of 10-7 m, De is the effective diffusivity of 

ethanol in the porous film, which depends on the porosity and tortuosity. In this study, the 

minimum porosity was 0.2. The tortuosity in a cubic structure can be modelled with a value 

of 3. This value is even lower in straight pores of a hexagonal structure. Therefore, the 

effective diffusivity of ethanol can be estimated as 0.2

3
e m

D D=
 , where Dm is the binary 

molecular diffusion coefficient of ethanol in He determined from the kinetic gas theory. 

Thus, the diffusion time to reach the steady-state in the pores is ca. 10-6 s (1 µs). The flush 

time of the optical cell is the limiting factor which determines stabilization of the signal. 

This time is determined by the diffusion of ethanol into the stagnant zones of the cell where 

there is no mass transfer by convection.  

After taking the measurement, the flow to the cell was stopped and the ethanol 

partial pressure was set at a different value. This procedure was repeated until the complete 

adsorption-desorption curve was recorded. 

 

3.3.3 Optical data modeling and volumetric pore size determination 

The applied optical model consisted of three layers for the porous samples: the 

silicon substrate layer, the native SiO2 layer of 3 nm, and a layer of either titania or silica. 

For the non-porous samples, a layer of ethanol was added to the model. In the latter case, 

the thickness (t) of the ethanol layer adsorbed onto a non-porous surface and the effective 

refractive index (n) were found by fitting of the Ψ and ∆ values [58].  The thickness of the 

mesoporous films was changed by less than 1% during the adsorption/desorption process, 

therefore it was kept constant during the fitting of the experimental data. The refractive 

index dispersion of the film was modeled using Cauchy’s equation (Eq. 3.10, [58]): 

                                                        

1 2
0 2 4

n n
n n

λ λ

= + +

                                   

(3.10) 

where λ is the wavelength, and n0, n1 and n2 are fitted parameters. The pore volume was 

determined from the change in the effective refractive index in the range of 400-1200 nm. 

The refraction index of the dry (without ethanol) mesoporous film (nM) and the total non-

porous fraction (fM) were calculated from the change in the effective refraction index (nef) at 
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the end points of the isotherm using the Bruggeman effective medium approximation 

(BEMA, Eq. 3.11 [59]) and the refraction indexes of air and ethanol (nm = 1.0 and 1.361 at 633 

nm, respectively): 
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        (3.11) 

The porous fraction ( Mf−1 ) was determined from nef with the BEMA model at 

zero ethanol pressure by fitting the volumetric fraction of the inorganic framework with the 

air refraction index for the second material (np = 1).  

Then, the effective refractive index (nef) as a function of the ethanol partial pressure 

(p/p0), was determined by ellipsometry. The isotherm was determined by fitting the 

volumetric fractions of the inorganic component ( Mf ), ethanol ( ETf ), and air with the 

BEMA model at each relative pressure (Eq. 12):  
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        (3.12) 

Then, the adsorbed ethanol volume (VET) is related to the product of the total film 

volume (VF), the pore fraction (1–fM), and the volumetric fraction of the ethanol saturated 

film ( ETf ): 

                                                       ETMFET ffVV )1( −=                                          
        (3.13) 

The total mesoporous surface area was calculated from the average pore diameter, 

the total pore volume, and the pore fraction assuming cylindrical pore geometry.  

 

3.3.4 Low-Angle X-Ray Diffraction and Transmission Electron Microscopy 

LA-XRD spectra were recorded on a Rigaku Geigerflex device with CuKα radiation 

(40kV, 40 mA), 0.01-0.02o 2 theta step size, with a counting time of 4.0 s. The TEM 

images were obtained on a JEM-2010 microscope at 200 kV with a resolution of 0.14 nm. 

Samples for TEM were prepared by placing a slice of the film removed from the substrate 

on a copper grid coated with a carbon film and dried under vacuum. 
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3.4 Modeling of adsorption-desorption isotherms 

Recently, Neimark et al. [60, 61] reported that in cylindrical pores desorption takes 

place at the equilibrium. Their conclusion is based on the arbitrary assignment of the DFT 

equilibrium transition to the desorption branch of an experimental isotherm. In different 

studies, Kruk et al. [23] and Morishige and Nakamura [62] proposed to use the adsorption 

branch of the isotherm for pore size analysis. One of the purposes of this study was to 

examine a possibility to use the desorption branch in cylindrical pores, if the Tolman 

parameter as well as the parameters for the disjoining pressure isotherm, )(hΠ  (see Eq. 

3.3), are known.  

Table 3.1 summarizes the main models used for calculation of the pore size 

distribution in mesoporous materials. An improved Kelvin model was applied in [11]. 

According to this model, the pore radius was calculated as the radius of a cylindrical pore 

with a correction term (t) accounting for the thickness of the layer already adsorbed on the 

pore walls. Values of t were obtained from the data for the adsorption of the same 

adsorptive on a nonporous sample having a similar surface and was fitted by the BET 

equation. This model still overestimates the pore size below 6 nm. A constant correction 

factor (Kelvin + t + c) in the BJH method was proposed in [23]. However, even with this 

correction, the pore size of the mesoporous materials above 6 nm was overestimated. For 

mesoporous films, the unidirectional pore shrinkage associated to the drying and treatment 

lead to nonsymmetrical models. The spherical to ellipsoidal pore contraction of the 

inorganic network was taken into account in the Kelvin model modified by a geometric 

factor (Isotropic Inorganic Contraction model) [59]. Calculating the pore anisotropy and 

introducing the liquid-solid contact angle in a modified Kelvin equation allowed the authors 

to obtain better matching of the mean pore size derived from ellipsometry with that 

obtained by independent methods. In the IDBdB model applied in this study, the 

experimental adsorption film thickness of ethanol on the non-porous thin films was directly 

calculated from the experimental isotherm data by Equation 3.4. The obtained parameters 

for the non-porous silica and titania thin films are listed in Table 3.2. 
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Table 3.1. Comparison of different models for pore size determination. 

Model Adsor-
bate 

Correction for 
the adsorbate 
layer thickness 

Correction for the 
surface tension 
(Tolman 
parameter, nm) 

Geometrical 
correction 

Ref. 

Kelvin+ t toluene, 

heptane 

Isotherm 

 

- - [11] 

Kelvin +t +c N2 t-plot - Geometric 

factor 

[23] 

DBdB  N2 t-plot - - [26] 

IDBdB  N2, Ar Isotherm  - - [47] 

IDBdB N2 t-plot – 0.3 - [33] 

Kelvin +IIC1  water t-plot - Geometric 

factor 

[59] 

IDBdB ethanol Isotherm + 0.2 - Present 

work 

 1 Isotropic Inorganic Contraction 

 

 

Table 3.2. Fitting parameters of Equation 3.9. 

Sample  
1Π , MPa 1λ , nm 

Titania (1.92 ± 0.09)·108 0.144 ± 0.005 

Silica (2.73 ± 0.05)·108 0.134 ± 0.001 

 

Figure 3.3 shows the predicted statistical film thickness curves for the silica and 

titania non-porous thin films. It can be seen that the calculated curves are in a good 

agreement with the experimental curves but exhibit gradually increasing deviations as the 

capillary condensation pressures are approached.  
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Figure 3.3. Ethanol layer thickness as a function of ethanol partial pressure on non-porous films 
deposited on a silicon substrate. Lines: statistical film thickness curves obtained from Eq. 3.4. 
Symbols: adsorption-desorption isotherms at 287 K for samples NS and NT. 
 

 
A sharp increase of the adsorbed film thickness at a high relative pressure 

indicates that capillary condensation has occurred on the surface. The silica surface is 

known to be more hydrophilic than the titania one. As a result, at a given relative pressure, 

the thickness of the adsorbed ethanol film is higher on the silica surface. The theoretical 

adsorption and desorption curves obtained by Kelvin, improved Kelvin [11], DBdB and 

IDBdB with a Tolman parameter of 0.2 nm models are presented in Figure 3.4 Panel I  and 

II, respectively.  

Since wettability is a crucial factor of the capillary condensation, the liquid−solid contact 

angle, characterizing the surface energy, is needed to give a correct interpretation of the 

ethanol adsorption isotherms. The liquid-solid contact angle was experimentally 

determined for the Kelvin and improved Kelvin adsorption models (Table 3.3). The 

adsorption and desorption isotherms on the porous samples calculated from the effective 

refractive index values are shown in Figure 3.5 and the pore size distributions obtained 

from the theoretical models are shown Figure 3.6.   
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Figure 3.4. Prediction of the capillary condensation curves for ethanol adsorption (Panel I) and 
desorption (Panel II) on titania at 287 K computed via four adsorption models: Kelvin, Improved 
Kelvin [11], DBdB, and Improved DBdB. 

 

      II 

I 
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Figure 3.5. Experimental ethanol adsorption-desorption isotherms at 287 K  for samples: (a) MS1, 
(b) MT2, (c) MT1. Lines represent a guide for the eye. 

 

a 

b 

c 
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a 

b 

c 

I 
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Figure 3.6. Pore size distribution (PSD) plots. Panel I: PSD was calculated from the ethanol 
adsorption isotherms via: (a) IDBdB model with a Tolman parameter of 0.2 nm; (b) Kelvin (solid 
symbols) and Improved Kelvin [11] (open symbols) models (θ = 40o for MT1 and MT2, and θ =30o 
for MS1); (c) DBdB model. Panel II: PSD was calculated from the ethanol desorption isotherms 
via: (a) IDBdB desorption model with a Tolman parameter of 0.2 nm; (b) Kelvin (solid symbols) 
and Improved Kelvin [11] (open symbols) models; (c) DBdB model. Symbols represent data 
obtained from the adsorption/desorption isotherms measured by ellipsometric porosimetry. The 
vertical bars represent the pore size determined by XRD and TEM. 
 

II 

a 

b 

c 
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The pore size was also determined from TEM analysis (Figure 3.7) and from the 

XRD curves (Table 3.3).  

 

Figure 3.7. TEM images of the samples MT1, MT2, and MS1 

 

In a pV -d100 model, we assumed that the pore diameter (dpore) corresponds to the 

equivalent cylindrical pore having the same volume as the actual pore with the hexagonal 

cross section [63]. Taking this into account, the relation between the pore diameter dpore, the 

pore volume obtained by Equation 3.13 at a relative pressure corresponding to complete 

pore filling, )1( MFp fVV −= , and the d100 interplanar spacing can be written as:  

1/2
( )

0

100 ( )

01

s

p

pore s

p

V
d Cd

V

ρ

ρ

 ⋅

=   + ⋅ 
,                                             (3.14) 

where ρ0
(s) is the density of the solid framework (2.20 g/cm3 [63] and 4.23 g/cm3 [64] for 

silica and titania with amorphous pore walls, respectively); C is a constant characteristic of 

the pore geometry (equal to 1.2125 for circular and hexagonal pores).  

In a P-d100 model, we assumed that the ratio of the pore cross section to that of the 

hexagonal unit cell cross section equals to the film porosity (P). Porosity values of the films 

are listed in Table 3.3. Then, the pore diameter of a hexagonal pore can be determined by 

Equation 3.15 from the unit cell parameter (a0), and the film porosity (see Appendix 1 for 

further details): 

2

02 3
2

2
pore

a
P

d
π

 
⋅ ⋅ 
 

= ⋅

                                                    

(3.15) 

The unit cell parameter (a0) is determined from: 
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1000

3

2
da =

                                                             

(3.16) 

The pore diameter can be then determined from the film porosity as follows: 

                                  1002pore Pd R C d P= = ⋅
                                                (3.17) 

 

Table 3.3. Pore sizes of mesoporous films determined by different methods. 

Mean pore size, nm 
EP using desorption models 
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model  
(Eq. 3.14) 

P-d100 
model  
(Eq. 3.17) 
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D
B

d
B

  

ID
B

d
B

, 
 

δ
 =

 0
.2

 n
m

  

MT1 40 0.35 2.1 n.d. n.d.  2.0 2.6 3.0 2.1 

MT2 40 0.26 3.5 3.6 3.8 3.0 4.5 4.7 3.6 

MS1 30 0.22 8.0 8.3 8.4 6.9 8.3 9.1 8.3 

   n.d. –not determined 

 

All adsorption models fail to predict the true pore size. The IDBdB model with a 

Tolman parameter of 0.2 nm underestimates the pore size below 3 nm and overestimates it 

above 6 nm (Figure 3.6 (Panel Ia)). Both Kelvin and improved Kelvin [11] adsorption models 

considerably overestimate the pore size above 6 nm (Figure 3.6 (Panel Ib)). However, the 

improved Kelvin model provides a rather good matching with the pore size obtained by 

other methods in the range below 4 nm. The DBdB adsorption model overestimates the 

pore size in the whole range of mesopores (Figure 3.6 (Panel Ic)).  

It appears that the desorption branches of the isotherms are more straightforward 

for characterization of the film porosity. As reported in literature, the Kelvin desorption 

model underestimates while the DBdB model overestimates the mean pore size in the 

whole range of mesopores (Figure 3.6 (Panel IIb and c, respectively) and Table 3.4). The 

improved Kelvin desorption model [11] satisfactory describes the pore sizes only in a narrow 

range between 7 and 10 nm. The IDBdB model with a Tolman parameter of 0.2 nm 

adequately describes the pore size in the whole range of mesopores. The deviation of the 

mean pore size obtained by EP using the IDBdB model from that obtained by TEM and 

XRD does not exceed 1%. Different values of the Tolman parameter were taken in the range 
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between 0.10 and 0.40 nm to achieve the least difference between the predictions of the 

IDBdB model and the true pore size. The best agreement between the theoretical and 

experimental curves is observed at a value of the Tolman parameter of 0.2 nm (see Figure 

3.6 (IIa)). It should be noted that positive values of the Tolman parameter mean a thinner 

film thickness in the pores as compared to that on a flat surface. In these cases, the Tolman 

correction of the DBdB equation allowed corrections of the pore size values as high as 43 % 

in the range of small pore diameters. 

 

Table 3.4. Deviation of the mean pore sizes determined by EP using different 
desorption models from that obtained with XRD and TEM. 

Deviation from the mean pore size, % Sample Mean pore 
size1, nm 

 
Kelvin  Improved 

Kelvin [11] 
DBdB  IDBdB,  

δ = 0.2 nm 

MT1 2.1 -5 +24 +43 0 

MT2 3.6 -17 +25 +31 0 

MS1 8.2 -16 +1 +11 +1 
                1 determined from XRD and TEM 

 

The type of disjoining pressure isotherm proposed in this study can be applied for 

a weak adsorption of an adsorbate on the substrate surface. The value of the energy 

constant of the BET equation describes the difference between the heat of adsorption for 

the first layer (E1) and the subsequent layers (EL) (Eq. 3.18). The latter is equal to the heat of 

condensation of ethanol of 42.2 kJ/mol [65].  

                                          

1exp L
BET

E E
C

R T

− 
=  

⋅   

                                             (3.18) 

The dependence of the ethanol layer thickness on the ethanol relative pressure was 

studied on a non-porous titania thin film at 287, 303, and 323 K (Figure 3.8). The constant 

CBET can be found from the linearization of the BET equation in the range of relative 

pressures of 0.05-0.35. The values of 9.7, 8.4 and 6.5 were obtained for 
BET

C  at 287, 303 

and 323 K, respectively. The heat of ethanol adsorption on a non-porous titania film was 

found to be 47.8 ± 0.3 kJ/mol. A small difference of 5.6 kJ/mol between the heat of 

adsorption of the first and subsequent layers justifies the choice of Equation 3.4 for the 

disjoining pressure isotherm. 
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Figure 3.8. The ethanol layer thickness as a function of the ethanol relative pressure on a non-
porous titania thin film (sample NT) at 287, 303, and 323 K. 

 

 

3.5 Conclusions 

A new approach for predicting the pore size distribution of mesoporous thin films 

using ellipsometric porosimetry has been developed taking into account multilayer 

adsorption and capillary condensation phenomena. The improved Derjaguin, Broekhoff, 

and de Boer model was applied for estimating the mesopore size on titania and silica thin 

films deposited on a silicon substrate. An empirical expression for the disjoining pressure 

isotherm was applied to represent the interaction between the adsorbate and the adsorbent 

in the Broekhoff and de Boer adsorption theory. The parameters in the empirical expression 

were obtained by fitting the multilayer region of an experimental isotherm on the titania 

and silica films. Using these parameters, the desorption isotherms of ethanol were 

predicted and adjusted to the experimental data by fitting the Tolman parameter of the 

IDBdB model, characterizing the surface tension for a curved surface. The IDBdB 

desorption model with a positive value of the Tolman parameter of 0.2 nm was found to 

describe accurately the pore diameter in a wide range of mesopores from 2.1 to 8.3 nm. The 

results obtained by TEM and XRD were used to validate the IDBdB model. The heat of 

ethanol adsorption on a non-porous titania film was found to be 47.8 ± 0.3 kJ/mol. 
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Appendix 3.1 

The porosity (P) is calculated as a ratio of the area of the void-space to that of the 

unit cell: 

 

p

c

A
P

A
=             (3.A1) 

The cross section of the unit cell (Ac) and that of a pore (Ap) in a hexagonal 

structure is calculated as follows (see Figure 3.A1): 

2

0

3

2
c

A a= ⋅ ,                 (3.A2) 

22 3
p p

A R= ⋅ ,           (3.A3) 

where 0a  is the unit cell parameter and Rp is the pore radius. 

 

 

 

Figure 3.A1. Schematic representation of a hexagonal porous structure. 

 

 

Taking into account that 
4

2
p

pore p

A
d R

π

⋅

= ⋅ = , one can obtain:  
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(3.A4) 

The porosity of a mesoporous thin film can be determined from the change of the 

effective refractive index at the end point of the isotherm: 
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                                                 (3.A5) 

where nsat is the effective refractive index after pore filling, nM is the effective 

refractive index of the empty film, and nET is the refractive index of ethanol. 
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Abstract  

A new generation of nanostructured Pt-Sn/TiO2 catalytic thin films has been 

developed by deposition of Pt-Sn mixed metal precursors from organic solvents on 

mesoporous TiO2/Ti films with a thickness of 200-300 nm. The titania sol was obtained by 

templating a TiO2 precursor with Pluronic F127 surfactant. The TiO2 films with the long-

order structure were prepared on Ti substrates by spin-coating at a surfactant/Ti molar ratio 

of 0.009, a pH of 1.5, and an aging time of 24 hrs. A powder titania support with a similar 

chemical composition and morphology was also produced and used for optimization of an 

active component deposition. The influence of the F127/Ti ratio in the range between 0.005 

and 0.008, and the pH of the titania sol between 1.5 and 2.0 on the morphology and porous 

structure of titania powders was investigated. The Pt-Sn carbonyl 

[Pt3(CO)3(SnCl3)2(SnCl2�H2O)]n
-2n clusters were synthesized separately from monometallic 

precursors. They were loaded onto the TiO2 supports by impregnation or adsorption. The 

adsorption of the Pt-Sn precursor for 24 hrs from an ethanol solution with concentrations 

of Pt and Sn of 2.0  and 1.2 mg/ml, respectively,  followed by a vacuum treatment  at 463 K, 



Chapter 4 78 

resulted in Pt-Sn nanoparticles embedded in the mesoporous titania network. The average 

size of the bimetallic nanoparticles was 1.5-2 nm with a narrow particle size distribution. A 

reaction rate in terms of TOF between 0.2 and 3.3 min-1 was observed in the hydrogenation 

of citral over the Pt-Sn/TiO2 catalysts. The selectivity to unsaturated alcohols was as high as 

90% at a citral conversion above 95%. In the case of Pt-Sn/TiO2 films, their activity and 

selectivity strongly depend on the precursor type (colloids or clusters) and adsorption time. 

Thus, the catalytic film obtained from Pt-Sn clusters solution with adsorption time of 5 hrs 

shows the highest activity and selectivity to unsaturated alcohols. 

 

4.1 Introduction 

Multiphase reactions can be performed in structured reactors, which improve heat 

and mass transfer, allow isothermal operation and provide narrow residence time 

distribution [1]. There are several application areas, where catalytic microreactors have 

evident advantages over traditional reactors, among which small scale energy generation, 

fuel processing [1, 2], and synthesis of fine chemicals [3]. The efficient use of catalytic 

reactors requires shaping of the catalyst by deposition of thin catalytic films on the inner 

walls of the reactor channels. Inorganic mesoporous thin films have attracted considerable 

attention because of their large surface areas and narrow pore size distribution, which make 

them attractive candidates for catalyst supports [4-6]. 

The efficiency of catalytic microreactors strongly depends on the deposition of 

uniform catalytic coatings with good adhesion, high surface area, good dispersion of the 

active component, and high stability. Depending on the geometry of the channel and 

substrate type, different methods for deposition of thin catalytic porous layers with uniform 

thickness have been developed, among others, anodic oxidation [7], vapor deposition 

techniques (ALD, CVD) [8] and sol-gel  methods (spin-coating, dip-coating) [4, 9]. 

Selective hydrogenation of a carbonyl bond in α,β-unsaturated aldehydes is a 

difficult task, since thermodynamics favors C=C hydrogenation over C=O by ca. 35 kJ/mol. 

There are several factors, which can affect the activity and selectivity of a catalyst, such as 

metal and support selection, metal precursor, catalyst preparation and activation methods, 

selection of reaction conditions [10].  

Bimetallic catalysts were found to be very selective in several chemoselective 

hydrogenations. The origin for the high selectivities to unsaturated alcohols can be related 

to electron transfer or alloy formation and/or an intimate contact between two metals [10]. 
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Several mechanisms of the positive effect of the second metal (M2) addition on the 

performance of the catalysts were reported [11, 12, 13]. The second metal can exist as an 

adatom, inalloy, or in ionic state as well as in partially oxidized form [10]. In the case of 

existence of M2
n+ ions on the surface of the noble metal nanoparticle, the electrophilic 

character of M2–M1 particles promotes the aldehyde coordination to the active site via the 

C=C bond [13-15]. Recently it was reported, that the selectivity towards UCOL is controlled 

by the rate of desorption of the partially hydrogenated products. The catalyst favors the 

attack at the C=O group in the adsorbed molecule to yield UCOL, whereas the activation 

energy for desorption is much lower in case when citronellal is formed rather than UCOL 

[16, 17]. This mechanism is described in detail in Chapter 1 (section 1.3).  

It is important to note that not only addition of the second metal is responsible for 

improved selectivity. The presence of the partially reduced support at the metal interface 

region results in polarization of the C=O bond and the selectivity to activate C=O 

hydrogenation increases [10]. 

There are several well-known techniques for bimetallic catalyst preparation, like 

successive and combined impregnation, deposition precipitation method, sol–gel method 

etc. The catalyst preparation method affects very much the catalyst composition and metal 

dispersion, which are crucial for achieving high activity and selectivity [10].  

This study is devoted to the development of mesoporous titania supported novel 

Pt-Sn bimetallic nanostructured catalysts derived from mixed metal precursors with 

desirable stoichiometry between the metals. The unique characteristics of mesostructured 

titania, namely high surface area, high concentration of hydroxyl groups combined with 

narrow pore size distribution prevent metal sintering after catalyst deposition. This 

approach allows a control both of the metal ratio and the loading of the support with the 

bimetallic nanoparticles. The processing parameters, such as Pt-Sn precursor types, 

impregnation techniques, adsorption time, were varied. The Pt-Sn/TiO2 powder catalysts 

were prepared via introduction of Pt-Sn precursors into mesoporous titania by the co-

impregnation, successive impregnation and via organometallic route. The Pt-Sn/TiO2 films 

were prepared via one-pot synthesis using Pt-Sn colloids or clusters, and by adsorption of 

Pt-Sn clusters into the mesoporous titania films. The resulting catalysts were tested in citral 

hydrogenation. 
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4.2 Experimental 

4.2.1 Synthesis of Pt-Sn mixed metal cluster precursor 

The Pt-Sn bimetallic clusters were synthesized by a procedure adopted from [18]. 

An aqueous H2PtCl6�6H2O (37.5 wt. % Pt, Aurat) solution with a Pt concentration of 2-10 

mg/ml was carbonylated at 297 K for 16 hrs to yield the H2[Pt3(CO)6]10 cluster, which 

converts under CO atmosphere in an organic solvent giving the Chini anion: [Pt3(CO)6]
2-

n, 

where n = 5 or 6.  In this study, acetone, ethanol, or tetrahydrofuran (THF) were used as a 

solvent. In the next step, a desired amount of HCl and SnCl2�2H2O (98 wt. %, 

Soyuzkhimprom) was added to the Chini anion solution under CO atmosphere. After a 

reaction time of 2 hrs, [Pt3(CO)3(SnCl3)2(SnCl2�H2O)]n
-2n mixed metal clusters were formed. 

They were isolated by addition of a tetraethyl ammonium chloride solution.  

 

4.2.2 Preparation of Pt-Sn colloid solutions 

For solution 1, in a two-necked, round-bottom flask, 1.1 g of poly-n-vinyl 

pyrrolidone (this amount corresponded to a metal-to-polymer ratio of 10:1) was added to 120 

ml of anhydrous ethylene glycol. Different amounts of tin (II) acetate (depending on the 

final nanoparticle composition) were added to the mixture, and the system was stirred for 3 

h at 353 K. For solution 2, in a two-necked, round-bottom flask, different amounts of 

hydrogen hexachloroplatinate (depending on the final colloid composition) were dissolved 

in 50 ml of methanol under vigorous stirring for 2 h. Solution 1 was cooled to 273 K with an 

ice bath, and solution 2 was poured into solution 1 under stirring to ensure 

homogenization. The pH of the resulting mixture was adjusted to ca. 9.5 by adding a 1 M 

NaOH solution. The resulting solution was capped and heated at 373 K for 2 h under 

vigorous stirring. Then, the resulting colloidal solution was cooled to room temperature. 

The stability of the prepared colloids is acknowledged by the fact that the colloidal glycol 

dispersions remained stable for more than 8 months after preparation, with no noticeable 

amount of aggregated colloid [19]. 

 

4.2.3 Preparation of mesoporous titania supports 

Titanium substrates (99.99+ wt. % Ti) of 10 x 10 mm2 with a thickness of 500 µm 

were cleaned and pretreated as described elsewhere [4]. Immediately prior to the synthesis, 

the titania layer formed during pretreatment procedures was made super hydrophilic 
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(concentration of surface OH groups > 15/ nm2) by UV treatment for 2 hrs to encourage 

better adhesion of the titania film to the substrate. 

A titania precursor sol of composition 1 Ti(O-iPr)4 : 0.005-0.050 F127 : 40 Ethanol 

: 1.3 H2O : 0.1 trifluoroacetic acid was synthesized. The solution was prepared by dissolving 

the templating agent (Pluronic F127, EO100PO65EO100, EO = ethylene oxide, PO = propylene 

oxide, BASF) in absolute ethanol, followed by the addition of water and trifluoroacetic acid. 

Titanium (IV) isopropoxide (Ti(O-iPr)4, 99.99%, Fluka) was added dropwise to the rapidly 

stirred solution, and the resulting mixture was left to age under stirring for 25 hours at 

room temperature. 

Then, a desired amount of the solution was added onto the surface of a titanium 

substrate and the solvent was evaporated by spin-coating at 1500 rpm for 30 s at a relative 

humidity of 80%. The samples were dried at room temperature and then calcined at 573 K 

for 4 hrs under a residual pressure of 10 mbar with a heating rate of 1 K/min to remove the 

surfactant [20]. 

The mesoporous titania powders were prepared by sol-gel method using the same 

precursors and aging protocol. The pH during hydrolysis was varied between 1.5 and 2.0, 

and the Pluronic F127/(Ti(OiPr)4 molar ratio between 0.005 and 0.009. The resulting 

solution was stirred for 24 hrs. The solvent was evaporated under an IR-lamp for 3 hrs, 

followed by a treatment in a desiccator at 373 K for 1 h and calcination at 823 K for 4 hrs. 

The samples represent a white powder. 

 

4.2.4 Preparation of supported Pt-Sn/TiO2 powder catalysts  

For the powder titania, the loading from 20 and 100 ml of solution of the Pt-Sn 

precursor for 1 g of TiO2 was used. For comparison, the Pt-Sn/TiO2 powered samples were 

also prepared by co-impregnation using H2PtCl6·6H2O and SnCl2·2H2O as metals 

precursors. 

The samples are referred to according to their synthesis procedure: the first letter 

denotes loading mode: "A" and "I" stand for adsorption and impregnation, respectively. The 

second letter corresponds to the solvent used: "A", "E", and "T" stand for acetone, ethanol, 

and THF, respectively. The combination of letters at the third place denotes the type of 

activation treatment: "V" means heated under vacuum at 463 K, "OR" means oxidized 

(calcined) in O2 at 673 K and subsequently reduced in a 30 vol.% H2/Ar flow at 673 K. The 

number at the end stands for the platinum concentration in the initial solution (mg/ml). 



Chapter 4 82 

 

4.2.5 Preparation of mono- and multilayer Pt-Sn/TiO2 catalytic coatings 

Method 1: For the preparation of Pt-Sn catalysts on titania films, 20 titanium plates 

with TiO2 films (prepared according to method described in [20]) were fixed in a holder and 

then immersed in 150 ml of an ethanol solution of the Pt-Sn mixed metal cluster 

[Pt3(CO)3(SnCl3)2(SnCl2·H2O)]n
-2n for time intervals between 1 and 96 hrs. After adsorption, 

the impregnated TiO2 materials were washed by ethanol, dried in vacuum and subsequently 

heated in vacuum at 463 K. 

Method 2: A certain amount of the Pt-Sn clusters ethanol solution or Pt-Sn colloids 

(Pt:Sn ratios of 50:50 and 70:30) was calculated to obtain a 1 wt. % Pt loading in the 

resulting mesoporous film. Pt-Sn clusters or colloids solution was mixed with Ti(OiPr)4-

Pluronic F127-HNO3-ethanol sol at 323 K. Resulting mixture was aged for 2 hours. The 

precursor/surfactant ratio was chosen to be 0.009, and the pH value was 1.5. The films 

were deposited on the titanium substrates, aged and calcined as described in [20]. 

Two layer films were prepared according to method 1 by consecutive repetition of 

titania films deposition by spin-coating, calcination at 573K, adsorption of Pt-Sn clusters (for 

5 hours), calcination at 463K steps after every deposition. 

 

4.2.6 Characterization of mesoporous titania and Pt-Sn/TiO2 catalysts 

The chemical composition of the prepared catalysts was determined by X-ray 

fluorescence spectroscopy using a VRA-30 analyzer with a Cr anode of an X-ray tube. The 

phase composition was determined by X-ray diffraction in the range of 0.5-4o 2-theta. 

The morphology of the TiO2, the average Pt-Sn nanoparticle size and particle size 

distribution (PSD) were determined with a High-resolution JEOL JEM-2010 transition 

electron microscope operating at 200 kV with a structural resolution of 0.14 nm. The 

samples were deposited on perforated carbon supports attached to the copper grids. The 

local elemental analysis of the samples was carried out by an Energy Dispersive X-ray 

Analysis (EDX) method using an EDAX spectrometer equipped with a Si (Li) detector with 

a resolution of 130 eV. 

The BET surface area and the porosity of the powder supports and catalysts were 

determined on a Micromeritics ASAP 2400 instrument using nitrogen adsorption at 77 K. 

The XPS measurements of the Pt-Sn/TiO2 catalytic films were carried out with a Kratos 

AXIS Ultra spectrometer, equipped with a monochromatic Al Kα X-ray source and a delay-
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line detector (DLD). Spectra were obtained using the aluminium anode (Al Kα  =  1486.6 

eV) operating at 150 W. The background pressure was 2 x 10-9 mbar. XRD spectra were 

recorded on a Rigaku Geigerflex device with Cu KM radiation (40kV, 40 mA), 0.01-0.02o 2 

theta step size, with a counting time of 1.0 s. 

The mesopore volume of the Pt-Sn/TiO2 films and pore size distribution were 

determined by ellipsometric porosimetry (EP) from the desorption branch of the ethanol 

isotherms at 287 K using the Bruggerman effective media approximation and the improved 

Deriaguin–Broekhoff–de Boer model. The film porosity was calculated with an accuracy of 

±3% based on the change of the effective refractive index between the empty film and the 

film filled with ethanol. The thickness of the mesoporous films was determined on an M-

2000F EC-400 spectroscopic ellipsometer (J.A. Woollam Co., Inc.). The applied optical 

model consisted of three layers: a silicon substrate layer, a native silicon oxide layer of 3 nm, 

and the mesoporous titania layer [21].  

 

4.2.7 Catalytic activity test 

Two types of catalytic tests were performed: (i) either fifty Pt-Sn/TiO2/Ti plates 

were inserted in a holder at a 2 mm separation, or (ii) catalyst pellets with a particle size of 

100-200 µm were fixed in a basket. The holder with the catalyst was placed in an autoclave 

reactor with a total volume of 270 ml. The catalysts were reduced at 523 K under 12 bar of 

H2 pressure for 12 hrs. Then the reactor was cooled to room temperature. The 

hydrogenation of a 0.001-0.01 M citral solution in 2-propanol was performed at 343 K and 

12 bar H2 with the plate holder rotating at 1500 rpm. Analysis was performed by 

introducing aliquots at established time intervals into a Varian CP-3800 GC equipped with 

a CP-Sil 5 CB capillary column via an automatic rapid on-line sampler-injector system 

(ROLSITM). The main reaction products were nerol, geraniol, citronellal, citronellol and 3,7-

dimethyl-1-octanol. The carbon balance was closed within 99% in all experiments. 

 

4.3 Results and Discussion 

4.3.1 Synthesis of mesoporous TiO2 materials 

The samples of TiO2 powder were prepared via sol-gel route at several different 

surfactant to titanium ratios 0.005-0.008 and pH of 1.5, 1.8, and 2.0. The samples exhibit 

IV type isoterms with a hysteresis loop at a N2 partial pressure of 0.8 which is associated 

with textural mesoporosity [6, 7]. The specific surface area increases from 20 to 90 m2/g 
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and the total pore volume from 0.038 to 0.165 cm3/g with rising F127/Ti molar ratio from 

0.005 to 0.008 (pH 1.5). It can be seen from Table 4.5, that the surface area and pore 

volume are the same at given F127/Ti ratio and different pH values. These data are close to 

those reported in literature [22, 23].  

 

Table 4.5. Surface area and pore volume of the titania powder obtained at different  
reaction conditions. 

F127/Ti ratio pH  Surface area, m2/g Pore  volume, cm3/g 

0 1.5 2 0.007 

0.005 1.5 20 0.038 

0.007 1.5 23 0.048 

0.008 1.5 88 0.165 

0.005 1.8 22 0.044 

0.007 1.8 25 0.060 

0.008 1.8 67 0.163 

0.005 2.0 22 0.063 

0.007 2.0 27 0.069 

0.008 2.0 81 0.159 

 

It seems that the low porosity of the prepared TiO2 is connected with a high 

calcination temperature and a long duration of the calcination required for the surfactant 

removal. Anatase was the only phase in the samples based on the XRD analysis data (Figure 

4.1). 

The TiO2 coatings were synthesized on titania substrates by evaporation-induced 

self assembly (EISA) assisted sol-gel method at variation of surfactant to titanium ratios, pH 

and aging time. Typical ethanol adsorption-desorption isotherms are shown in Figure 4.2. 

The type IV isotherm with a H1 hysteresis loop at ethanol partial pressure of 0.3-0.5 prints 

to the framework-confined mesopores [22, 24]. The increase of the aging time leads to 

increasing of the sol viscosity, thereby enlarging the thickness of the resulting film. For the 

titanium films, the hexagonal mesostructure was confirmed by LA-XRD and TEM in the 

whole range of the compositions studied. 

 



Chapter 4 85 

 

Figure 4.1. LA-XRD pattern of mesoporous titania (powder) after calcination. 

 

 

 

Figure 4.2. The ethanol adsorption-desorption isotherms at 287 K and the pore size distribution 
for the mesoporous titania film. Synthesis  conditions: F127/Ti ratio: 0.009, pH: 1.5, aging time: 
25 hrs. 

 

A typical example of the mesoporous structure is shown in Figure 4.3. As the 

F127/Ti molar ratio increases from 6·10–3 to 9·10–3, the unit cell size decreases from 9.3 to 

7.0 nm with a substantial increase in the open porosity from 14 to 25%. This effect is 

described in detail in Chapter 2 (section 2.3.1.2). 
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Figure 4.3. TEM image of the mesoporous titania film taken 
after storage in air at room temperature for 2 months. Synthesis 
conditions are the same as those in Figure 4.2. 

 

The surfactant was completely removed even at mild conditions as confirmed by 

the absence of the absorption bands at 1110, 2850 and 2930 cm-1 in the FTIR spectra of the 

mesoporous titania films (see Figure 2.3, Chapter 2). After calcination, the film thickness 

was reduced to 200 nm, which is almost a half of that in the as-synthesized samples.  

 

4.3.2 Preparation of Pt-Sn/TiO2 supported catalysts 

4.3.2.1 Powder Pt-Sn/TiO2 catalysts 

To optimize the conditions of the Pt-Sn cluster loading onto TiO2, several 

synthesis parameters have been systematically varied, among them (i) solvent type (acetone, 

ethanol, or THF), (ii) concentration of the precursor solution (2.0, 10 mg Pt/ml; 1.2, 6.0 mg 

Sn/ml), (iii) the metal precursor to support ratio (20, 100 ml/g), (iv) adsorption time (2, 24 

hrs), and (v) type of the activation treatment (calcined in O2 at 673 K for 4 hrs and 

subsequently reduced in a  30 vol.% H2 / Ar flow at 673 K for 2 hrs, or in vacuum at 463 K 

for 2 hrs). In addition, the influence of the nature of the bimetallic precursor (carbonyl 

mixed-metal cluster or inorganic metal salts) was studied. Table 4.1 presents the effect of 

synthesis conditions on the properties of Pt-Sn/TiO2 powder catalysts.  
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Table 4.1. Synthesis conditions and properties of powered Pt-Sn/TiO2 catalysts. 

Synthesis conditions Catalyst 

composition 

Concentra-

tion in 

solution, 

mg/ml 

Sample  

 

Pt Sn 
D

u
ra

ti
on

 o
f 
lo

ad
in

g,
 

h
rs

 

T
h
er

m
al

 tr
ea

tm
en

t1  Pt,  

wt. % 

Sn, 

wt. % 

Pt/Sn 

molar 

ratio 

A
ve

ra
ge

 p
ar

ti
cl

e 
si

ze
,  

n
m

 

Mixed metal cluster precursor 

AA-OR-2 2 1.2 24 OR 0.05 0.04 1.2 0.7 

AE-OR-2 2 1.2 24 OR 0.61 0.25 1.5 1.1 

AT-OR-2 2 1.2 24 OR 4.04 1.75 1.5 2.2 

AE-OR-10 10 6 24 OR 3.55 2.80 0.8 3.2 

IE-OR-2 2 1.2 72 OR 3.46 1.33 1.6 n.d 

AE-V-2 2 1.2 24 V 0.61 0.25 1.5 1.5 

IT-OR-2 2 1.2 72 OR 3.67 2.29 1.0 1.6 

Inorganic metal salt precursor 

IE-OR-33 33 20 0.25 OR 2.16 0.95 1.4 1.8 

IA-OR-33 33 20 0.25 OR 2.16 1.05 1.3 1.7 

n.d. – not determined 
1OR – calcined in O2 at 673 K for 4 hrs and subsequently reduced in a 30 vol.% H2/Ar flow at 
673 K for 2 hrs; V- heated under vacuum at 463 K for 2 hrs. 

 

The metal loading in supported bimetallic catalysts prepared by adsorption of the bimetallic 

carbonyl precursor depends on the solvent type and increases in the sequence: acetone < 

ethanol < THF. This seems can be related to different solvation of reactants, which might 

change their adsorption strength on the catalyst.. Figure 4.4 reports TEM images of AE-OR-

2 and AT-OR-2 catalysts showing numerous particles of 1-3 nm in size. Figure 4.5 shows 

the image of one of these metal particles. According to the Fourier pattern, this particle has 

a crystalline structure with lattice spacings of 2.14, 2.32, 4.29 Å. This structure can be 

assigned to a Pt3Sn alloy with lattice spacings of d200 = 2.0015 Å, d111 = 2.3107 Å, and d100 = 

4.001 Å.  
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Figure 4.4. TEM images of Pt-Sn/TiO2 catalysts with different metal loadings: (a) 0.61wt. % Pt,  
0.25 wt. % Sn (AE-OR-2, Table 4.1); (b) 4.04 wt. % Pt, 1.75 wt. % Sn (AT-OR-2, Table 4.1). 

 

 

 

Figure 4.5. TEM image of AT-OR-2 sample. Inset: Fourier pattern and lattice spacings. 

 

4.29A
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The increase of the metals content from 0.1-0.6 to ca. 4 wt. % Pt resulted in an 

increase of the average particle diameter from 1 to 2 nm. At the same time, the PSD pattern 

changed from mono- to bimodal (Figure 4.6). 

 

   

Figure 4.6. Size distribution of Pt-Sn particles in the Pt-Sn/TiO2 catalysts with different metal  
loading: (a) 0.61 wt. % Pt, 0.25wt. % Sn (AE-OR-2, Table 4.1); (b) 4.04 wt. % Pt, 1.75 wt. % Sn  
(AT-OR-2, Table 4.1). 
 
 

The increase of the mixed-metal cluster concentration in the solution (from 2 to 10 

mg Pt/ml) leads to a proportional rise of the metal loading (from 0.6 to 3.5 wt. % Pt), 

average particle diameter (from 1.5 to 3.2 nm) and to a wider PSD in the Pt-Sn/TiO2 

samples. For both samples, PSD has a monomodal type. It is necessary to note that an 

increase of the metal precursor to support ratio and the duration of the adsorption step also 

leads to higher metal loadings in the catalysts. When a mixed-metal cluster precursor is 

deposited by impregnation it allows to increasing the metal loading in the catalysts (sample 

IE-OR-2 and IT-OR-2, Table 4.1).     

The crystalline structure of the particles was not significantly affected by the mode 

of thermal treatment. The Pt3Sn nanoparticles were observed in the sample after treatment 

in vacuum (Figure 4.7). A vacuum catalyst activation procedure also resulted in a narrow 

PSD in comparison with that after reduction by hydrogen (compare Figures 4.8 and 4.6a). 

The range of obtained particle diameters is 0.5-5.1 and 0.5-2.9 nm, respectively for oxidative 

and vacuum treatments.  
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Figure 4.7. TEM image of AE-V-2 sample after vacuum treatment at 463 K. 

 

Figure 4.8. Size distribution of Pt-Sn particles in the Pt-Sn/TiO2 catalyst after vacuum treatment 
at 463 K (AE-V-2, Table 4.1). 
 

The mixed-metal cluster precursor provided a more uniform metal particle size 

distribution as compared with inorganic metal salt precursors at the practically same 

average particle size. In particular, for catalysts prepared by co-impregnation from H2PtCl6 

and SnCl2 precursors, large nanoparticles of 20 nm were also obtained while the average 

particle diameter was ca. 2 nm. In these catalysts in addition to Pt3Sn nanoparticles the Pt 

and Pt2Sn3 particles were observed. 

 

4.3.2.2 Catalytic Pt-Sn/TiO2 coatings 

During the adsorption of Pt-Sn clusters onto the TiO2 support, the particle 

diameter increases from 1.8 to 9.1 nm with increasing adsorption time from 1 to 96 hours 

(Table 4.2). The prolonged adsorption (96 hrs) of the mixed-metal cluster precursor from 

 
d = 2.37Å 
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the ethanol solution onto TiO2 films leads to a decrease of the film porosity from 25 to 8% 

and the average pore size from 3.5 to 1.8 nm. The Pt-Sn/TiO2 film had a smaller mean pore 

size as compared to the pure titania support due to a partial pore blockage by the metal 

nanoparticles.  

 

Table 4.2. Particle diameter, activity and selectivity of Pt-Sn/TiO2 catalytic films. 

Preparation Average particle 

diameter, nm 

Initial 

TOF, s
-1
 

Selectivity to 

UCOL, %1 

Method 2 (Pt-Sn colloid solution, 

50:50) 

2.7 ± 0.2 0.1 18 (n.d.) 

Method 2 (Pt-Sn colloid solution, 

70:30) 

1.8 ± 0.1 0.3 17 (n.d.) 

Method 2 (Pt-Sn cluster solution) 1.41 ± 0.08 0.07 15 (n.d.) 

Method 1 (adsorption time 1 hr) 1.7 ± 0.1 1.8 83 (65) 

Method 1 (adsorption time 2 hrs) 1.86 ± 0.07 2.1 62 (64) 

Method 1 (adsorption time 5 hrs) 2.2 ± 0.1  5.1 78 (68) 

Method 1 (adsorption time 24 hrs) 2.3 ± 0.1 1.0 75 (58) 

Method 1 (adsorption time 48 hrs) n.d. 0.7 70 (45) 

Method 1 (adsorption time 96 hrs) 8 ± 1 0.3 60 (40) 

1st run 2.20 ± 0.012 5.5 55 (93) 

2nd run n.d. 5.0 18 (82) 

3rd run n.d. 5.0 17 (83) 

 

Method 1 (adsorption time 5 

hrs) 2 layers catalytic 

coating 
4th run 2.56 ± 0.013 4.5 20 (78) 

n.d. – not determined 
1 – values of the selectivity to UCOL are given at 20% (90%) citral conversion  
2 – particle size was measured before the 1st run 
3 – particle size was measured after the 4th run 

 
Figure 4.9 shows the TEM images of Pt-Sn/TiO2 catalytic coatings prepared by 

adsorption for 96, 24 and 5 hours. The catalytic coatings obtained from Pt-Sn colloid 

solutions with different Pt/Sn ratios possess the particles of 1.4 to 2.7 nm (Table 4.2). 
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Figure 4.9. TEM images of Pt-Sn/TiO2 catalytic films obtained by adsorption of Pt-Sn clusters for 
(a) 96 hours, (b) 24 hours, (c) 5 hours. 
 

The binding energies of the Pt 4f and Sn 3d3/2 levels for the catalysts are reported 

in Table 4.3. The XPS spectra of the Pt 4f region are reported for the Pt-Sn/TiO2 catalytic 

films obtained after Pt-Sn clusters adsorption for periods of 5 and 24 hours (Figure 4.10 a, 

c). For each catalyst, the spectrum can be deconvoluted into two peaks, the one at lower 

binding energy corresponding to the Pt 4f7/2 level and the second one, at higher binding 

energies, to the Pt 4f5/2 level. The peak corresponding to the Pt 4f7/2 level is centered at 71 

eV for all samples, and it is assigned to metallic platinum species. The exact assignation of 

the peak with higher binding energy (74.2-75.0 eV) is not easy. The binding energy of the Pt 

4f7/2 level for Pt(IV) is reported to be about 74.8-75.3 eV. Additionally, the binding energies 

of the Pt 4f7/2 level for Pt(II) is reported to be about 72.4-73.4 eV. The Sn 3d5/2 spectra for the 

catalysts obtained after Pt-Sn clusters adsorption for periods of 5 and 24 hours are plotted in 

Figure 4.10 (b,d). For the catalyst obtained by method 1 with adsorption time of 24 hours or 

a b 

c 
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by method 2 from clusters or colloid (70:30) solutions only one band is observed which is 

centered at 485.9-487.1 eV (Table 4.3). This band is assigned to oxidized tin species 

(Sn(II)/Sn(IV)). Discrimination between Sn(II) and Sn(IV) species by XPS is difficult 

because the difference in binding energy values is < 0.5 eV [25]. At the XPS of the samples 

prepared with shorter adsorption of Pt-Sn clusters (5 hours), a second band appeared at 

lower binding energy (around 485.1 eV), which is characteristic of metallic tin (Figure 

4.10b). The catalysts obtained at longer adsorption time possess tin only in its oxidized 

state, whereas the catalysts obtained at shorter adsorption time – in both its oxidized and 

metallic states. The presence of metallic tin in the catalysts indicates the possibility for the 

existence of Pt-Sn alloy phases, although this cannot be readily assessed by XPS [26]. 

 

 

Figure 4.10. XPS spectra: Pt 4f region for the Pt-Sn/TiO2 catalytic films obtained via the 
adsorption of Pt-Sn clusters over a) 5 and c) 24 hours; Sn 3d region for the Pt-Sn/TiO2 catalytic 
films obtained via the adsorption of Pt-Sn clusters over b) 5 and d) 24 hours. 
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Table 4.3. XPS binding energies for the different Pt-Sn/TiO2 catalytic coatings. 

                     XPS results    

     Sample 

Pt 4f7/2,  

eV 

Pt 4f5/2, 

eV 

Sn 3d3/2,  

eV 

Method 1 (adsorption time 5 hrs) 71.0 74.3 486.0 and 485.1 

Method 1 (adsorption time 24 hrs) 70.9 74.2 485.9 

Method 2 (Pt-Sn colloid solution, 

70:30) 

71.1 74.5 487.1 

Method 2 (Pt-Sn cluster solution) 71.8 75.0 486.9 

 

4.3.3 Activity of Pt-Sn/TiO2 catalysts 

4.3.3.1 Powder Pt-Sn/TiO2 catalysts 

The catalytic activity of the Pt-Sn/TiO2 catalysts was determined in the 

hydrogenation of citral employing a 0.01-0.001 M solution of citral in 2-propanol at 343 K 

and 12 bar H2 (Table 4.4).  

 

Table 4.4. Activity and selectivity of powered Pt-Sn/TiO2 catalysts. 

Product selectivity at the 96-98% citral 

conversion, % 

Sample 

 

Initial TOF, 

min-1 

UCOL CAL COL DMOL 

Mixed metal cluster precursor 

Pt/TiO2 5.6 3 11 21 65 

AE-OR-2 0.06 65 28 6 1 

AT-OR-2 0.20 82 7 10 1 

AE-OR-10 0.54 90 6 4 0 

IE-OR-2 0.35 80 4 16 0 

AE-V-2 0.18 39 35 26 0 

IT-OR-2 0.14 90 4 6 0 

Inorganic metal salt precursor 

IE-OR-33 3.3 85 0 15 0 

IA-OR-33 0.32 70 4 17 9 
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The activity of a reference Pt/TiO2 sample characterized by the initial TOF was 

found to be 5.6 min-1 with the selectivity to unsaturated alcohols (UCOL) of 3%. The 

addition of tin to the Pt/TiO2 catalysts resulted in TOF lowering and an increase of the 

selectivity to UCOL, which is in agreement with previously reported literature data [27, 28]. 

The Pt-Sn/TiO2 catalysts prepared using Pt-Sn mixed metal cluster precursor and 

oxidation-reduction thermal treatment showed a TOF of 0.1-0.5 min-1 and selectivity to 

UCOL of 65-90%. In the beginning of the reaction the selectivity to UCOL is growing with 

the increase of citral conversion and then stays at the plateau. Most of the citral was 

converted into UCOL, while citronellal, citronellol were formed in small amounts. The fully 

saturated product (3,7-dimethyl-1-octanol) was only observed at high conversion of citral. 

The samples after vacuum thermal treatment exhibited a lower selectivity to UCOL at the 

same TOF in comparison with the samples after OR thermal treatment. The sample 

obtained using high concentration of Pt in initial solution (10 mg/ml) showed a very high 

selectivity to UCOL (90%) and TOF of 0.54 min-1. A higher activity was demonstrated by Pt-

Sn/TiO2 catalyst (IE-OR-33) prepared using combined impregnation of the inorganic salts 

as metal precursors. This sample showed a TOF of 3.3 min-1 and selectivity to UCOL of 85%. 

It can be supposed that such high TOF value is connected with the peculiarity of the 

composition of bimetallic particles and electronic state of metals. A similar effect was 

observed over Rh-Sn/SiO2 catalysts in citral hydrogenation in [29]. The activity of catalysts 

prepared by co-impregnation was three-folds higher than that of the catalysts prepared via 

the organometallic route and successive impregnation. This could be attributed to an 

intimate contact between the metals. Metal–metal interaction plays an essential role in the 

reaction over bimetallic catalytic systems. 

 

4.3.3.2 Catalytic Pt-Sn/TiO2 coatings 

The comparison of activity and selectivity to UCOL of different Pt-Sn/TiO2 

coatings is presented in Table 4.2. The samples obtained from Pt-Sn colloid and clusters 

solutions by method 2 (section 4.2.5) showed low selectivity and activity in comparison with 

catalysts obtained via method 1. This effect can be explained by electronic states of Pt and Sn 

in the catalyst. It was discussed in detail above (section 4.3.2.2), that the Pt-Sn/TiO2 film, 

obtained at shorter adsorption time by method 1, possesses platinum in metallic state and 

tin is in both oxidized and metallic states. The presence of metallic tin indicates the 
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possibility for the existence of Pt-Sn alloy phases, what can improve the catalytic properties 

of the film.  

It was found that the adsorption time has a marked effect on the selectivity. In the 

case of samples obtained with adsorption time 24, 48 and 96 hours, the selectivity drops 

drastically with increasing of conversion. However, the samples obtained with short 

adsorption time (1-5 hrs) show no big changes in selectivity during the reaction. 

Dependence of activity and selectivity to UCOL on adsorption time is shown in Figure 4.11. 
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Figure 4.11. Dependence of TOF and selectivity to UCOL on Pt-Sn clusters adsorption time. 
 

 Both curves have a maximum (UCOL selectivity 68% at 95% citral conversion, 

TOF 5.1 s-1) in the case of the sample obtained with adsorption time of 5 hours. This fact can 

be explained both by particle size and electronic state of Pt and Sn. It can be clearly seen 

that selectivity and TOF decrease with increasing of particle size (starting from 2.3 nm). 

According to literature, particle size can strongly influence the catalytic properties [30, 31]. 

Smaller metal particles partially behave as non-metals, e.g. have higher electron densities, 

leading to higher hydrogenation rates compared to larger particles. In addition to electronic 

effects, geometric properties of the metal particles can affect the hydrogenation rate and 

selectivity [10]. 

The dependence of products selectivity and conversion on reaction time for the 

multilayer Pt-Sn/TiO2 films (first run) is shown in Figure 4.12. 
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Figure 4.12. Citral conversion and products selectivity on Pt-Sn/TiO2 two-layer catalytic film as a 
function of the reaction time during the first run of the reaction.  
 
 

Multilayer catalytic films show very high activity and 93% selectivity to UCOL at 

95% citral conversion. In the beginning the selectivity to UCOL was found to be 55%, then 

it rapidly increase to 90% and remains almost unchanged till full citral conversion. This 

fact can be explained by accumulation of hydrogen on the surface during the pretreatment 

procedure, what provides the thermodynamically favored reaction (formation of CAL). 

During the second run the decreasing of the selectivity to UCOL to 82% was observed 

(Table 4.2). At the third and fourth runs the selectivity was found to be 83 and 78%, 

respectively, whereas activity (TOF) decreases from 5.0 to 4.5 s-1 at the second and fourth 

runs, respectively. Since the size of the Pt-Sn particles remains the same after 4 runs of the 

reaction (Table 4.2), the deactivation of the catalyst can be related to strong adsorption of 

organic species on the catalyst surface. 

 

4.4 Conclusions 

Pt-Sn/TiO2 catalytic coatings on the Ti plates and powdered Pt-Sn/TiO2 catalysts 

were obtained by loading of the Pt-Sn carbonyl complex anionic species 

[Pt3(CO)3(SnCl3)2(SnCl2·H2O)]n
-2n onto TiO2 supports. It was shown that the metal content, 

mean particle size and mode of PSD in the Pt-Sn/TiO2 catalysts can be varied by changing 

conditions of the Pt-Sn carbonyl complex adsorption and the thermal treatment of Pt-

Sn/TiO2 catalysts. A reaction rate in terms of TOF between 0.2 and 3.3 min-1 was observed 

in the hydrogenation of citral over the Pt-Sn/TiO2 powder catalysts with selectivity to the 
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UCOL as high as 90% at a citral conversion above 95%. The activity of catalysts prepared by 

co-impregnation was three-folds higher than that of the catalysts prepared via 

organometallic route and successive impregnation, what could be attributed to an intimate 

contact between the metals.  

The Pt-Sn/TiO2 films were prepared via i) one-pot synthesis using Pt-Sn colloids or 

clusters, ii) adsorption of Pt-Sn clusters into the mesoporous titania films. The mean 

diameter of anchored bimetallic nanoparticles decreases from 9.1 to 1.8 nm with a 

reduction of the adsorption duration from 96 to 1 hrs. The activity and selectivity of Pt-

Sn/TiO2 films strongly depend on the precursor type and adsorption time (in case of 

clusters). The highest UCOL yield (90%) was observed in the case of two layer catalytic film 

obtained from Pt-Sn clusters solution with adsorption time of 5 hrs during the first run of 

the reaction. This result can be explained both by particle size and electronic state of Pt and 

Sn in the catalytic films prepared by different methods. 



Chapter 4 99 

Bibliography  

1. G. Kolb, V. Hessel, Chem. Eng. J. 98 (2004) 1. 

2. I.Z. Ismagilov, E.M. Michurin, O.B. Sukhova, L.T. Tsykoza, E.V. Matus, M.A. 

Kerzhentsev, Z.R. Ismagilov, A.N. Zagoruiko, E.V. Rebrov, M.H.J.M.de Croon, J.C. 

Schouten, Chem. Eng. J. 135 (2008) S57.  

3. E.V. Rebrov, A. Berenguer-Murcia, H.E. Skelton, B.F.G. Johnson, A.E.H. Wheatley, J.C. 

Schouten, Lab Chip 9 (2009) 503. 

4. T.S. Glazneva, E.V. Rebrov, J.C. Schouten, E.A. Paukshtis, Z.R. Ismagilov, Thin Solid 

Films 515 (2007) 6391. 

5. O. Muraza, E.V. Rebrov, T. Khimyak, B.F.G. Johnson, P.J. Kooyman, U. Lafont, 

M.H.J.M. de Croon, J.C. Schouten, Chem. Eng. J. 135 (2008) S99. 

6. E.V. Rebrov, A. Berenguer-Murcia, B.F.G. Johnson, J.C. Schouten, Catal. Today, 138 

(2008) 210. 

7. I.Z. Ismagilov, R.P. Ekatpure, L.T. Tsykoza, E.V. Matus, E.V. Rebrov, M.H.J.M. de 

Croon, M.A. Kerzhentsev, J.C. Schouten, Catal. Today 105 (2005) 516. 

8. M.T. Janicke, H. Kestenbaum, U. Hagendorf, F. Schüth, M. Fichtner, K. Schubert. J. 

Catal. 191 (2000) 282. 

9. K. Haas-Santo, M. Fichtner, K. Schubert, Appl. Catal. A 220 (2001) 79. 

10. P. Maki-Arvela, J. Hajek, T. Salmi, D.Yu. Murzin, Appl. Catal., A 292 (2005) 1. 

11. J.N. Coupe, E. Jordao, M.A. Fraga, M.J. Mendes, Appl. Catal., A 199 (2000) 45. 

12. B. Didillon, J.P. Candy, A. El Mansour, C. Houtmann, J.-M. Basset, J. Mol. Catal. 74 

(1992) 43. 

13. P. Claus, F. Raif, S. Cavet, S. Demiral-Gulen, J. Radnik, M. Schreyer, T. Fassler   Catal. 

Commun. 7 (2006) 618. 

14. J.C.S. Wu, W.-C. Chen, Appl. Catal., A 289 (2005) 179. 

15. P. Reyes, M.C. Aguirre, J.L.G. Fierro, G. Santori, O. Ferretti, J. Mol. Catal., A 184  

(2001) 431. 

16. D. Loffreda, F. Delbecq, F. Vigne, P. Sautet, Angew. Chem. Int. Ed. 44 (2005) 5279. 

17. D. Loffreda, F. Delbecq, F. Vigne, P. Sautet, Angew. Chem. Int. Ed. 48 (2009) 8978. 

18. N.B. Shitova, Yu.I. Perfiliev, L.Ja. Alt, G.G. Savelieva, Russ. J. Inorg. Chem. 46 (2001) 

376.  



Chapter 4 100 

19. O. Muraza, E.V. Rebrov, A. Berenguer-Murcia, M.H.J.M. de Croon, J.C. Schouten, 

Appl. Catal. A 368 (2009) 87. 

20. L.N. Protasova, E.V. Rebrov, T.S. Glazneva, A. Berenguer-Murcia, Z.R. Ismagilov, J.C. 

Schouten, J. Catal. 271 (2010) 161. 

21. L.N. Protasova, E.V. Rebrov, Z.R. Ismagilov, J.C. Schouten, Micropor. Mesopor. Mater. 

123 (2009) 243. 

22. T.-D. Nguyen-Phan, M.B. Song, E.J. Kim, E.W. Shin, Micropor. Mesopor. Mater. 119 

(2009) 290. 

23. M.M. Yusuf, H. Imai, H. Hirashima, J. Sol-Gel Science Tech. 28 (2003) 97. 

24. T.R. Pauly, Y. Liu, T.J. Pinnavaia, S.J.L. Billinge, T.P. Rieker, J. Am. Chem. Soc. 121 

(1999) 8835. 

25. S.H. Vaidya, C.V. Rode, R.V. Chaudhari, Catal. Commun. 8 (2007) 340. 

26. J. Ruiz-Martínez, F. Coloma, A. Sepúlveda-Escribano, J.A. Anderson, F. Rodríguez-

Reinoso, Catal. Today 133–135 (2008) 35. 

27. J.C.S. Wu, W.-C. Chen, Appl. Catal., A 289 (2005) 179. 

28. A.M. Silva, O.A.A. Santos, M.J. Mendes, E. Jordao, M.A. Fraga, Appl. Catal., A 241 

(2003) 155.  

29. J.N. Coupé, E. Jordão, M.A. Fraga, M.J. Mendes, Appl. Catal. A 199 (2000) 45. 

30. G.F. Santori, M.L. Casella, G.J. Siria, H.R. Adúriz, O.A. Ferretti, React. Kinet. Catal. 

Lett. 2 (2002) 225.  

31. M.S. Kumar, D. Chen, J.C. Walmsley, A. Holmen, Catal. Commun. 9 (2008) 747. 

 



  

  

  

  

  

CChhaapptteerr  55 

Kinetic study of liquid-phase hydrogenation of citral on Au/TiO2 

and Pt-Sn/TiO2 thin films in capillary microreactors 

 

This chapter was published as: 

Lidia N. Protasova, Evgeny V. Rebrov, Helen E. Skelton, Andrew E.H. Wheatley, Jaap C. 

Schouten, Kinetic study of liquid-phase hydrogenation of citral on Au/TiO2 and Pt-Sn/TiO2 

thin films in capillary microreactors, Applied Catalysis A: General, submitted (2010). 
 

 

Abstract 

The kinetics of the liquid-phase hydrogenation of citral (3,7-dimethyl-2,6-

octadienal) on Au/TiO2 and Pt-Sn/TiO2 thin films was studied in the temperature range 

313–353 K at citral concentrations of 0.25–10 mol·m-3. The thin mesoporous catalytic films 

were deposited onto the inner walls of silica capillaries with internal diameter of 250 µm 

and length of 10 m. First-order dependence on hydrogen pressure and near zero order 

dependence on citral concentration were observed for the initial rate of citral hydrogenation 

over the Pt-Sn/TiO2 and Au/TiO2 thin films. The Au/TiO2 catalyst prevents citronellal 

formation. The highest yield of unsaturated alcohols (ca.80%) was obtained on the Pt-

Sn/TiO2 film at reaction temperature of 343 K, liquid residence time of 30 min and a citral 

conversion of 99%.  
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5.1 Introduction 

Selective hydrogenation of the carbonyl bond in α,β-unsaturated aldehydes 

represents an important step in many fine chemical processes, since the desired products, 

unsaturated alcohols, are widely used in the fragrance and drug  industries [1]. In  the  study  

of selectivity in this process, citral (3,7-dimethyl-2,6-octadienal) is considered to represent a 

model molecule since it presents three possible hydrogenation targets: a carbonyl group, a 

C=C bond conjugated with the carbonyl group, and an isolated C=C bond (Figure 5.1). 

The selective hydrogenation of α,β-unsaturated aldehydes in an aqueous 

gas/liquid/liquid-multiphase catalytic system has previously been investigated in the 

context of capillary microreactors with channel diameters in the range of 500-1000 µm [2]. 

In the various studies reported to date, a variety of methods has been attempted in order to 

improve the selectivity of the semihydrogenation reaction towards the unsaturated alcohol.  

 

 

Figure 5.1. Scheme of citral hydrogenation. 

 

5.1.1 Addition of electropositive metal 

The modification of noble metal (Pt, Rh) [1] catalysts by the inclusion of a more 

electropositive metal (such as Sn) can increase both the selectivity of the formation of 

unsaturated alcohols [3-6] and catalyst stability [7]. Several mechanisms, explaining the 

positive effect of Sn addition on catalyst performance, have been reported [3, 4, 8]: i) 

possibility of existence of Snn+ ions on the surface of the noble metal nanoparticle what can 

promotes the aldehyde coordination to the active site via the C=C bond [8-10]; ii) selectivity 

towards UCOL is controlled by the rate of desorption of the partially hydrogenated products 

[11, 12]. These mechanisms are described in detail in Chapter 1 (section 1.3). 
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5.1.2 Supported titania catalysts doped with Au nanoparticles 

The use of supported Au nanoparticles in heterogeneous catalysis has been 

attracting much attention [13]. Although the overall rate of the hydrogenation of unsaturated 

aldehydes catalyzed by Au is lower as compared to the reaction rates achievable with Pd and 

Pt catalysts [14], the application of Au catalysts in selective hydrogenations, where the 

selectivity is of primary importance, would nevertheless be promising. In the literature, 

several authors have applied supported Au catalysts to the selective hydrogenation of 

unsaturated aldehydes and ketones [15-19].  An Au/TiO2 catalyst is less active than a Pt/TiO2 

catalyst in the hydrogenation of crotonaldehyde, but the former is highly selective for the 

production of the corresponding unsaturated alcohol, crotyl alcohol [15, 17, 19]. It is also 

reported that the hydrogenation reaction over Au/TiO2 catalysts is structure sensitive. The 

specific activity (turnover frequency) of small Au nanoparticles of 2 nm mean size is larger 

by a factor of 7 as compared with that of larger Au nanoparticles of 4-9 nm mean size. The 

practical application of Au catalysts for hydrogenation reactions remains a promising 

possibility. However, no comprehensive kinetics studies have been performed to date.  

Mesoporous titania films have recently been used as a catalyst support for metal 

nanoparticles due to their narrow pore size distribution, favorable surface acidic properties, 

and excellent chemical stability [20, 21]. Recently we have shown that Pd and Au metal 

nanoparticles supported onto mesoporous supports are efficient catalysts in fine chemicals 

synthesis, such as hydrogenations of acetylene alcohols and α,β-unsaturated aldehydes well 

as in hydrogen clean-up technologies [21-24].  

Several groups have performed the catalytic hydrogenation of citral. The Langmuir-

Hinshelwood (LH) reaction kinetic model is usually applied to describe experimental data 

[25]. The hydrogenation step at the catalyst surface is assumed to be the rate-determining 

step, whereas the adsorption and desorption steps are supposed to be relatively fast. 

Furthermore, competitive adsorption of the α,β-unsaturated aldehyde and its hydrogenated 

products with dissociative hydrogen adsorption is usually assumed [26]. Two LH models for 

hydrogenation of citral and its hydrogenated products were proposed in [27]. The first 

model is based on the competitive adsorption of the hydrogen atom and the organic 

substrate at a single site being followed by the addition of a second hydrogen atom to the 

reactant as the rate-determining step. The second model considers two different adsorption 

sites. Of the two, the first model showed the best fit with the experimental data for 
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hydrogenation of citral, geraniol, nerol and citronellol. Hence, according to previously 

reported data, the hydrogenation of α,β-unsaturated aldehydes using Pt, Ir and Rh catalysts 

is a first-order reaction in hydrogen for citral [1], cinnamaldehyde [28] and acetophenone 

[29] hydrogenation at 298-373 K and a hydrogen pressure of 5–40 bar. This is indicative of 

the presence of weakly bonded hydrogen on the metal surface. The reaction order in the 

aldehyde was found to vary from -2 to 0.4. The negative-order dependences in aldehyde 

hydrogenation were explained by partial deactivation of the catalyst by CO, which is formed 

during decarbonylation of the aldehyde [25, 30, 31]. 

In the present study, the kinetics of the hydrogenation of citral and its 

hydrogenated products was studied over Au/TiO2 and Pt-Sn/TiO2 thin films supported on 

the interior walls of SiO2 capillaries. The gas and liquid flows were fed in the capillary 

where an annular flow regime was created to avoid mass transfer limitations. The effect of 

the reaction temperature, hydrogen pressure, citral concentration and catalyst composition 

was studied in order to obtain an experimental kinetic law over the Au/TiO2 and Pt-Sn/TiO2 

thin films. Langmuir–Hinshelwood kinetics is proposed to describe the experimental data. 

 

5.2 Experimental 

5.2.1 Preparation of an SiO2-supported Au/TiO2 thin film 

Colloidal gold nanoparticles of calibrated particle size were synthesized as 

described in previous work following the reduction-by-solvent method [32] using NaAuCl4 

as a precursor and poly-N-vynilpyrrolidone as a protecting agent. This yielded nanoparticles 

with an average size of 4.5 ± 0.5 nm. Gold-doped mesoporous titania films were prepared 

using a precursor solution with the following molar composition: 1 Ti(O-2Pr)4 : 0.009 

Pluronic F127 : 40 EtOH : 1.3 H2O : 0.13 HNO3 : 0.0041 Au.  

Fused silica capillaries (250 µm i.d., 10 m length, Varian Inc.) were used as 

substrates. To enhance the adhesion qualities of the channel wall during the coating the 

capillary was pretreated by 1M NaOH solution at 343 K for 2 hours. Then the capillary was 

consecutively washed with water and ethanol at a room temperature. 

After 2 hours aging, the mixture was used to dip-coat the internal surface of the 

pretreated capillary at a rate of ca. 1 cm·s-1. The resulting capillary was calcined in a vacuum 

furnace at 573 K under a residual pressure of 10 mbar in order to minimize sintering of the 

Au particles.   

 



Chapter 5 105 

5.2.2 Preparation of an SiO2-supported Pt-Sn/TiO2 thin film 

The Pt-Sn bimetallic clusters were synthesized by a procedure previously described 

in detail [33]. Mesoporous titania films were prepared with the following molar composition: 

1 Ti(O-2Pr)4 : 0.009 Pluronic F127 : 40 EtOH : 1.3 H2O : 0.13 HNO3 according to the 

procedure given in [24]. After aging, the mixture was used to dip-coat the internal surface of 

the pretreated capillary at a rate of ca. 1 cm·s-1. The capillary was calcined in a vacuum 

furnace at 573 K under a residual pressure of 10 mbar. For the incorporation of the Pt-Sn 

catalysts on  the titania film, a TiO2 coated  capillary   was flushed   with an ethanol   

solution (2 mgPt/ml, 1.2 mgSn/ml) of the Pt-Sn mixed metal cluster 

( ) ( ) ( )
2

3 3 2 23 2
[Pt CO SnCl SnCl ·H O ]

n

n

−  for 5 hrs at a rate of ca. 1 cm·s-1. After adsorption, the 

capillary was washed with ethanol and heated in vacuo at 463 K. 

 

5.2.3 Catalyst characterization 

The average Pt-Sn and Au nanoparticle size and the particle size distribution 

(PSD) were determined with a high-resolution JEOL JEM-2010 transition electron 

microscope (TEM) operating at 200 kV and with a structural resolution of 0.14 nm. The 

open porosity and the mean pore size were determined from ethanol adsorption/desorption 

isotherms by ellipsometric porosimetry as described elsewhere [24]. The active metal 

loadings were determined by ICP-OES method with SPECTRO CIROSCCD spectrometer 

operating at 27.12 MHz, 1400 W. 

A two-phase flow composed of 0.025–10 mol·m-3 citral (97 wt.%, Fluka) in 2-

propanol (99.5 wt.%, Sigma Aldrich) and a mixture of hydrogen (99.999 vol.%, The Linde 

Group) in nitrogen (99.995 vol.%, The Linde Group) was generated by employing a T-

mixer (internal diameter 0.150 mm, IDEX®) prior to the capillary. The liquid flow was 

varied between 3 and 30 µL·min-1 and the gaseous flow was varied between 0.2 and 1.0 

ml·min-1 (STP), such that the flow was in the annular regime [34], whereby the gas core 

flows through the center of the capillary and the liquid flows as a film near the walls. The 

temperature was varied in the range 313-353 K. Samples were collected at the outlet of the 

capillary and analyzed on a GC Varian CP-3800 equipped with a CP-Sil 5 CB capillary 

column. The main reaction products noted were nerol, geraniol, citronellol, citronellal, and 

3,7-dimethyl-1-octanol (Figure 5.1). The carbon balance was closed within 99%. Prior to the 

experiments the catalysts were reduced in situ under a hydrogen flow of 1 ml·min-1 at a 

temperature of 473 K. For the evaluation of the kinetic and adsorption constants, the 
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hydrogenations of unsaturated alcohols (mixture of geraniol and nerol), citronellol and 

citronellal were performed separately. The flow of 0.5 mol·m-3 solutions in 2-propanol was 

varied between 6 and 15 µL·min-1 and the gas flow was set at 1 ml·min-1 (STP).  

The gas hold-up and the liquid residence time were calculated according to the 

Lockhart-Martinelli-Chisholm correlation [35]. Conversion (X) and selectivities towards the 

reaction products (Si) were calculated as follows: 

X = 100 · n/n0, 

Si = 100 · ni/n, 

where n is the amount of reactant converted to product(s), n0 is the initial amount of 

reactant, and ni is the amount of product formed. 

 

5.2.4 Kinetic model 

The kinetic model used is based on the Langmuir-Hinshelwood mechanism and 

excludes reactant mass transfer, which was much faster as compared to the overall reaction 

rate. The maximum value of the overall mass transfer coefficient in a Pd/TiO2 coated 

capillary microreactor of 0.01 m3
L·m-3

R·s-1 is already established as being rather low as 

compared with other gas-liquid-solid reactors (typically 0.1 m3
L·m-3

R·s-1) [23]. However, the 

Hatta number in capillary microreactors is below 0.1, and often as small as 0.01, 

demonstrating that the catalytic reaction occurs in the kinetic regime, with the 

hydrogenation step at the catalyst surface considered to be rate-limiting. Competitive 

adsorption of all compounds with weak dissociative hydrogen adsorption was assumed in 

the kinetic model.  The kinetic models are listed in Table 5.1 for the hydrogenation of citral, 

citronellal, citronellol and the nerol/geraniol mixture on the Au/TiO2 and/or Pt-Sn/TiO2 

thin films. 

The kinetic parameters were obtained by using regression analysis to minimize 

the residual sum of squares between the experimental and calculated concentrations at the 

reactor outlet using Athena Visual Studio Inc. software, version 14.0.0.0. All experimental 

data were treated with equal statistical weights.  
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Table 5.1. Kinetic model equations for different reactions. 
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where (a) hydrogenation of citral on Au/TiO2 catalyst, (b) hydrogenation of citral on Pt-

Sn/TiO2 catalyst, (c) hydrogenation of citronellal on Au/TiO2 catalyst, (d) hydrogenation of 

citronellol on Au/TiO2 catalyst, (e) hydrogenation of geraniol/nerol on Au/TiO2 catalyst; k1 

– k6 are the rate constants (Figure 5.1); KCOL, KDMOL, KCAL, KISO, Kcitral and KUCOL are the 

adsorption constants, and CCOL, CDMOL, CCAL, CISO, Ccitral and CUCOL are the concentrations of 

citronellol, 3,7-dimethyl-1-octanol, citronellal, isopulegol, citral and unsaturated alcohols, 

respectively. 

 

5.3 Results and discussion 

The thickness of the Au/TiO2 film was 90 ± 10 nm according to SEM analysis. The 

mean Au particle size was found to be 4.5 ± 0.5 nm by TEM measurements. The mean pore 

size of the titania support, as determined by ellipsometric porosimetry, was 3.5 nm. The Au-

impregnated film showed a smaller mean pore size of 3.1 nm as compared to that of the 

nanoparticle-free titania support, which we attribute to partial pore blockage by the Au 

nanoparticles [24]. The nanoparticle size in the Pt-Sn/TiO2 film deposited inside the 

capillary was found to be 1.9 ± 0.2 nm (Figure 5.2a), which is close to the mean 

nanoparticle size noted (2.2 ± 0.1 nm) if an analogous film is deposited on a flat SiO2 

substrate under the same conditions (Figure 5.2b). The Pt and Sn loadings were determined 

by ICP OES method and were found to be 0.95 and 0.51wt.% for Pt and Sn, respectively. 
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Figure 5.2. TEM images of Pt-Sn/TiO2 films, deposited (a) inside the 
capillary, (b) on a flat silicon substrate. 

 

The method of synthesis of Pt-Sn/TiO2 coating was chosen based on the previous 

results (Chapter 4), where the comparison of activity and selectivity to UCOL on different 

Pt-Sn/TiO2 coatings was studied. It was reported that the samples obtained from Pt-Sn 

colloid or cluster solutions by one-pot synthesis showed low selectivity and activity in 

comparison with catalysts obtained via cluster adsorption. This effect is explained by the 

electronic states of Pt and Sn in the catalyst. The Pt-Sn/TiO2 film, obtained at shorter 

adsorption time (5 hrs), possesses platinum in its metallic state and tin is in both its 

oxidized and metallic states. There is a possibility for the existence of Pt-Sn alloy phases, 

what will improve the catalytic properties of the film. Additionally, in the case of samples 

obtained with adsorption time 24, 48 and 96 hours, the selectivity dropped drastically with 

increasing conversion. However, the samples obtained with short adsorption time (1-5 hrs) 

showed no significant changes in selectivity with citral conversion.  

 

5.3.1 Effect of the liquid residence time 

5.3.1.1 Au/TiO2 thin film on SiO2 

A systematic study of the effect of liquid residence time on the conversion and 

selectivity was performed on the Au/TiO2 thin film deposited on the interior walls of a silica 

capillary. The rate of citronellol hydrogenation to 3,7-dimethyl-1-octanol was studied in 

order to find reaction constant k5 and adsorption constants KCOL and KDMOL (Figure 5.3). 

Thereafter, the hydrogenation of an equimolar mixture of geraniol and nerol was studied in 

order to find the reaction constant k4 and the adsorption constant KUCOL (Figure 5.4), the 

a b 
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other kinetic parameters being fixed. No isomerization of the nerol/geraniol mixture to 

citronellal was observed during these experiments.   
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Figure 5.3. Product distribution during citronellol hydrogenation reaction over the Au/TiO2/SiO2 
thin film. Lines represent the concentration profiles obtained by fitting the kinetic model. 
Symbols represent experimental data. Reaction conditions: temperature 343K, liquid (0.5 mol·m3 
citronellol in 2-PrOH) flow 6.0 – 15.0 µl·min-1, H2 flow 1 ml·min-1.  
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Figure 5.4. Product distribution during the hydrogenation reaction of unsaturated alcohols over 
Au/TiO2/SiO2 thin film. Lines represent the concentration profiles obtained by fitting the kinetic 
model. Symbols represent experimental data. Reaction conditions: temperature 343K, liquid (0.5 
mol·m-3 nerol+geraniol in 2-PrOH) flow 6.0 – 15.0 µl·min-1, H2 flow 1 ml·min-1.  
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Citral conversion and selectivity with which unsaturated alcohols were obtained 

are shown as a function of the liquid residence time in Figure 5.5. The citral conversion 

monotonously increased from 7 to 37 % with increasing of the liquid residence time from 

600 to 2900 s. Meanwhile, the selectivity towards nerol/geraniol reduced from 94 to 85 % 

at higher citral conversions. This is in agreement with previously reported results on the 

hydrogenation of phenylacetylene using a Pd/TiO2 catalyst [23]. The LH kinetic parameters 

for the reaction undertaken using Au/TiO2 are listed in Table 5.2. It can be seen from the 

parity plot that the difference between the experimental and calculated data conversion and 

selectivities is less than 10% (Figure 5.6). The Kcitral/KUCOL ratio of 3.7 is close to that 

reported elsewhere for the hydrogenation of cinnamaldehyde to the corresponding 

unsaturated alcohols at 383 K over a Pd/C catalyst [36]. 
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Figure 5.5. Citral conversion and unsaturated alcohols selectivity at different liquid residence 
times over Au/TiO2/SiO2 thin film. Lines represent the concentration profiles obtained by fitting 
the kinetic model. Symbols represent experimental data. Reaction conditions: temperature 343K, 
liquid (0.25 mol·m-3 citronellal in 2-PrOH) flow 3.0 – 20.0 µl·min-1, H2 flow 1 ml·min-1.  
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Figure 5.6. Comparison of the experimental data and data obtained by fitting the kinetic model 
for citral hydrogenation over Au/TiO2/SiO2 thin film. Reaction conditions are the same as in 
Figure 5.5. 
 
 

Table 5.2. Kinetic parameters of citral and citronellal hydrogenation over 
Au/TiO2/SiO2 thin film. 

Parameter Value  95% confidence interval 

Citral hydrogenation 

k1, m
3·mol-l·s-1 4.0·10-5 ±8·10-7 

k4, m
3·mol-l·s-1 1.1·10-4  ±1·10-5 

k5, m
3·mol-l·s-1 1.73·10-1  ±2·10-2 

Kcitral, m
3·mol-l 27.6  ±0.6 

KUCOL, m
3·mol-l 7.5  ±0.8 

KCOL, m
3·mol-l 1.5·10-3 ±2·10-4 

KDMOL, m
3·mol-l 1·10-3  fixed 

Kcitral/KUCOL 3.7 –  

k1/k4 0.36 – 

Citronellal hydrogenation 

k3, m
3·mol-l·s-1 6.1·10-3  ±1·10-4 

k6, m
3·mol-l·s-1 2.2·10-4  ±3·10-5 

KCAL, m
3·mol-l 7.8·10-3  ±2·10-4 

KCOL, m
3·mol-l 1.5·10-3  ±3·10-5 

KISO, m3·mol-l 3.2·10-3  ±4·10-4 
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Clearly Au/TiO2 supported on SiO2 represents both a highly active and selective 

catalyst for the hydrogenation of citral. The formation of citronellal, the thermodynamically 

favored product, was not observed under any of a wide range of reaction conditions studied 

(Figure 5.7). The possibility of citronellal formation and its subsequent fast hydrogenation 

to citronellol was investigated in a separate series of experiments, by the hydrogenation of 

citronellal. Both citronellol and isopulegol were formed during citronellal hydrogenation 

(Figure 5.8), while isopulegol was not observed in citral hydrogenation (Figure 5.7). 

Isopulegol represents the product of citronellal cyclization over Broensted acid sites, which 

are present on the titania support [24, 37]. Thus, citronellal seems not to be formed over the 

Au/TiO2 films. The selectivity with which unsaturated alcohols form decreases at higher 

liquid residence times as the result of consecutive hydrogenation reactions to citronellol and 

3,7-dimethyl-1-octanol. The kinetic parameters for citronellal hydrogenation are listed in 

Table 5.2. It can be seen from the parity plot, that the experimental data for citronellal 

consumption, and isopulegol and citronellol formation are described by the LH model to 

within an accuracy of ±12% (Figure 5.9).  
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Figure 5.7. Product distribution during citral hydrogenation over the Au/TiO2/SiO2 thin film. 
Lines represent the concentration profiles obtained by fitting the kinetic model. Symbols 
represent experimental data. Reaction conditions are the same as in Figure 5.5. 
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Figure 5.8. Product distribution during citronellal hydrogenation reaction over Au/TiO2/SiO2 
thin film. Lines represent the concentration profiles obtained by fitting the kinetic model. 
Symbols represent experimental data. Reaction conditions: temperature 343K, liquid (0.5 mol·m-

3 citronellal in 2-PrOH) flow 6.0 – 15.0 µl·min-1, H2 flow 1 ml·min-1.  
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Figure 5.9. Comparison of the experimental data and data obtained by fitting the kinetic model 
for citronellal hydrogenation over Au/TiO2/SiO2 thin film. Reaction conditions are the same as 
in Figure 5.8. 
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The k3 value corresponding to citronellol formation from citronellal is an order of 

magnitude higher than the k4 value corresponding to citronellol formation from 

unsaturated alcohols (Table 5.2). It is clear, therefore, that by preventing citronellal 

formation, the Au/TiO2 catalyst prevents its further fast hydrogenation to citronellol, and 

thus increases the selectivity of the reaction towards the unsaturated alcohols. 

 

5.3.1.2 Pt-Sn/TiO2 thin film on SiO2 

The reaction kinetics of citral hydrogenation over a Pt-Sn/TiO2 thin film on the 

inner walls of a SiO2 capillary was investigated, with shorter liquid residence times than 

were used for Au/TiO2 allowing achievement of the same level of reactant conversion as 

was seen in that system (see above). The results are listed in Figure 5.10. Overall, trends 

noted over Pt-Sn/TiO2 were similar to those observed over Au/TiO2. Geraniol and nerol 

were the main hydrogenation products over the Pt-Sn/TiO2 thin film, with a selectivity as 

high as 97% observed. Citronellal and citronellol were present to only minor levels (Figures 

5.7 and 5.11).  Increasing the liquid residence time from 400 to 1100 s showed a citral 

conversion increase from 29 to 98 % and a selectivity towards unsaturated alcohols 

decrease from 97 to 80%. It can be seen from Figure 5.10 that use of the Pt-Sn/TiO2 film 

allowed a considerably higher yield of the unsaturated alcohols, with 79% formation noted 

under similar conditions to those that gave a 15% yield when Au/TiO2 was employed 

(Figure 5.5). Hydrogenation of the unsaturated alcohols to citronellol is responsible for a 

lower selectivity to UCOL at higher citral conversion in the Pt-Sn/TiO2 system. The reaction 

kinetics can be described with a LH model using the parameters listed in Table 5.3.  
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Table 5.3. Parameter values for the kinetic model of citral 
hydrogenation over Pt-Sn/TiO2/SiO2 thin film. 
Parameter Value  95% confidence interval 

k1, m
3·mol-l·s-1 4.5·10-4  ±2·10-5 

k2, m
3·mol-l·s-1 8.0·10-5  ±8·10-6 

k3, m
3·mol-l·s-1 3.0·10-1 ±3·10-2 

k4, m
3·mol-l·s-1 9.0·10-4 ±5·10-5 

k5, m
3·mol-l·s-1 2.0·10-5 ±2·10-6 

Kcitral, m
3·mol-l 50 ±5 

KCAL, m
3·mol-l 2 ±1 

KUCOL, m
3·mol-l 7.0·10-2 ±4·10-3 

KCOL, m
3·mol-l 1.0·10-3 ±1·10-4 

KDMOL, m
3·mol-l 1·10-3  fixed 

Kcitral/KUCOL 715 – 

k1/k4 0.50 – 
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Figure 5.10. Citral conversion and nerol/geraniol selectivity at different liquid residence times 
over Pt-Sn/TiO2/SiO2 thin film. Lines represent the concentration profiles obtained by fitting the 
kinetic model. Symbols represent experimental data. Reaction conditions: temperature 343K, 
liquid (0.5 mol·m-3 citronellal in 2-PrOH) flow 5.0 – 30.0 µl·min-1, H2 flow 1 ml·min-1.  
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Figure 5.11. Product distribution during citral hydrogenation reaction over the PtSn/TiO2/SiO2 

thin film. Lines represent the concentration profiles obtained by fitting the kinetic model. 
Symbols represent experimental data. Reaction conditions are the same as in Figure 5.10. 

 

The adsorption constants for citral onto the Au/TiO2 and Pt-Sn/TiO2 films tested 

were 28 and 50 m3·mol-1, respectively. These values are both close to those previously 

reported for cinnamaldehyde (20–30 m3·mol-1) onto a Pd/C catalyst [36, 26]. The 

Kcitral/KUCOL ratio achieved over the Pt-Sn/TiO2 film is two orders of magnitude higher than 

that reported when Au/TiO2 is used, mainly because of the difference in KUCOL (7.0·10-2 and 

7.5 for Pt-Sn/TiO2 and Au/TiO2, respectively). The relative values of the adsorption 

equilibrium constants are in good agreement with those previously reported [38]: Kcitral > 

KCAL > KUCOL > KCOL > KDMOL. The adsorption constant of 3,7-dimethyl-1-octanol was fixed at 

1·10-3 m3·mol-l. Since 3,7-dimethyloctanol has no unsaturated bonds, its adsorption 

equilibrium constant should be significantly lower than those of compounds that contain 

C=C bonds, such as citral, citronellal, and the unsaturated alcohols [38]. 

The selectivity of hydrogenation towards the unsaturated alcohols over Pt-Sn/TiO2 

is 7% higher than that achieved over Au/TiO2 at the same citral conversion of 27% (Figures 

5.5 and 5.10). This can be explained by a higher k1/k4 ratio of 0.50 over Pt-Sn/TiO2 as 

compared with that of 0.36 over Au/TiO2 (see Tables 5.2 and 5.3). Furthermore, an almost 

two order of magnitude higher Kcitral/KUCOL ratio over Pt-Sn/TiO2 as compared to Au/TiO2 is 

consistent with prevention of the adsorption of unsaturated alcohols onto the Pt-Sn/TiO2 
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catalyst until almost all of the citral has been consumed. This prevents the subsequent 

hydrogenation of a geraniol/nerol mixture and keeps a high selectivity towards the 

unsaturated alsohols  prior to citral being depleted. The LH model describes the 

experimental data over the whole range of reaction conditions studied here to within an 

accuracy of 10%, as can be seen from the parity plot presented in Figure 5.12. 
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Figure 5.12. Comparison of the experimental data and data obtained by fitting the kinetic model 
for citral hydrogenation over Pt-Sn/TiO2/SiO2 thin film. Reaction conditions are the same as in 
Figure 5.10. 
 

 

5.3.2 Effect of the reaction temperature, hydrogen partial pressure and initial citral concentration 

The kinetics of hydrogenation over both Au/TiO2 and Pt-Sn/TiO2 films was 

studied in the temperature range of 313-353 K (Figure 5.13a and 5.13b). The apparent 

activation energies, calculated from Arrhenius plots (Figure 5.13c and 5.13d) of the citral 

hydrogenation reaction over the Au/TiO2 and Pt-Sn/TiO2 films were found to be 91 ± 8 and 

35 ± 9 kJ·mol-1, respectively. The value obtained over the Au/TiO2 catalyst is significantly 

higher than those of 31 kJ·mol-1 [39] and 75 kJ·mol-1 [40] previously reported. The rapid 

deactivation of the Au/TiO2 films was observed at 353 K, with citral consumption rate 

decreasing to zero. However, the catalytic activity of Au/TiO2 could be fully restored by 

regeneration at 573 K in an air for 2 hours.  
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The selectivity towards unsaturated alcohol formation increased from 81 to 93% 

over Au/TiO2 as the temperature was increased from 338 to 348 K (Figure 5.13). This result 

is in good agreement with previously reported data indicating that the product distribution 

significantly depends on the reaction temperature. At a citral conversion of 30%, the 

selectivity towards geraniol and nerol has been found to increase from 21 to 72 % as the 

temperature was raised from 298 to 373 K [41]. Meanwhile, formation of the saturated 

aldehyde is known to be favored at reaction temperatures around 298 K [38]. The selectivity 

towards unsaturated alcohols over Pt-Sn/TiO2 is found to decrease with increasing 

temperature. At citral conversions above 60%, the rate of subsequent hydrogenation of the 

unsaturated alcohols increased faster as compared with that of citral hydrogenation, 

resulting in a lowering of selectivity towards nerol/geraniol at temperatures above 325 K.    

 

Figure 5.13. Citral conversion and UCOL selectivity at different reaction temperatures for: (a) 
Au/TiO2, (b) Pt-Sn/TiO2 thin films. Arrhenius plots for: (c) Au/TiO2, (d) Pt-Sn/TiO2 thin films. 
Reaction conditions: (a,c) – liquid (0.36 mol·m-3 citral in 2-PrOH) flow 6 µl·min-1, H2 flow 1 
ml·min-1; (b,d) – liquid (0.5 mol·m-3 citral in 2-PrOH) flow 5 µl·min-1, H2 flow 1 ml·min-1

. 
 

 

Figure 5.14 shows both citral conversion and selectivities towards the main 

reaction products as a function of the hydrogen partial pressure over the Pt-Sn/TiO2 film on 
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the inner walls of a SiO2 capillary. The selectivity of the reaction towards the unsaturated 

alcohols remains rather constant and close to 90% when hydrogen partial pressures in the 

range 0.2–0.8 are used. The selectivity towards unsaturated alcohols decreased to 77% at a 

citral conversion of 96%, which was observed when no N2 dilution was applied. These 

conditions correspond to those which furnished the highest yield of unsaturated alcohols 

(74%). The citral conversion linearly increased with the hydrogen partial pressure, 

demonstrating the process to be first order in hydrogen. 
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Figure 5.14. Citral conversion and product selectivities as a function of hydrogen partial pressure 
over Pt-Sn/TiO2/SiO2 thin film. Reaction conditions: temperature 343K, liquid (0.5 mol·m-3 citral 
in 2-PrOH) flow 15µl·min-1, total gas (H2 and N2) flow 1 ml·min-1.  

 

We attribute these first order characteristics to there being a weak hydrogen 

adsorption at the nanoparticle surface. The reaction order with respect to citral is close to 

zero. However, in order to determine the reaction order in citral accurately, the effect of the 

citral initial concentration on the reaction rate was studied using two different citral 

concentrations (0.25 and 0.36 mol·m-3 over the Au/TiO2 film and 5.0 and 10.0 mol·m-3 

over the Pt-Sn/TiO2 film). Liquid flow rates were chosen such as to obtain citral conversions 

below 10% in order to neglect the concentration gradients along the reactor length. The 

subsequently observed reaction rates  were (4.45 ± 0.05) · 10-8 and (6.45 ± 0.15) · 10-7 

mol·s-1·g-1
cat, while the reaction orders in citral were 0.07 and 0.08 over the Au/TiO2 and 

Pt-Sn/TiO2 films, respectively. This is in agreement with literature data on the 
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hydrogenation of α,β-unsaturated aldehydes such as citral, cinnamaldehyde, and 

acetophenone [25]. 

 

 

5.4 Conclusions 

The kinetics of citral hydrogenation over Au/TiO2 and Pt-Sn/TiO2 thin films 

deposited onto the inner walls of microcapillaries has been studied. The influence of the 

reaction temperature, liquid residence time, initial citral concentration and hydrogen partial 

pressure on activity and selectivity towards the possible unsaturated alcohol products was 

elucidated. The highest yield of unsaturated alcohols of 79% was obtained on the Pt-

Sn/TiO2 thin films at 343 K, with a liquid residence time of 30 min and a hydrogen partial 

pressure of 1. A detailed kinetic analysis of the hydrogenation of citral and its hydrogenated 

products, unsaturated alcohols, citronellol and citronellal, was performed using the 

Langmuir–Hinshelwood mechanism. The proposed kinetic model suitably describes the 

kinetics of citral hydrogenation as well as of the hydrogenation of geraniol, nerol, citronellal 

and citronellol. The Pt-Sn/TiO2 films showed a higher yield of unsaturated alcohols under 

the same conditions as were used for Au/TiO2. This was explained by different k1/k4 and 

Kcitral/KUCOL ratios in the LH model for those systems. The reaction orders were found to be 

1 for hydrogen over Pt-Sn/TiO2 film and 0.07 and 0.08 for citral over Au/TiO2 and Pt-

Sn/TiO2 catalysts, respectively. 
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Abstract 

Vertically aligned ZnO nanowires (NWs) with a length of 1.5 – 10 µm and a mean 

diameter of ca. 150 nm were grown by chemical vapour deposition onto c-oriented ZnO 

seed layer which was deposited by atomic layer deposition on Si substrates. The substrates 

were then spin-coated with an ethanol solution containing Pd nanoparticles with an average 

size of 2.7 and 4.5 nm. A homogeneous distribution of the Pd nanoparticles on ZnO NWs 

has been obtained using both Pd particle series. The catalytic activity of the ZnO NWs and 

Pd/ZnO NWs catalysts was measured in the semihydrogenation of 2-methyl-3-butyn-2-ol at 

303-343 K and a hydrogen pressure of 2-10 bar. The effect of the solvent used on the 

catalytic performance of the Pd/ZnO NWs catalyst was studied. The Pd/ZnO catalysts 

showed alkene selectivity of up to 95% at an alkyne conversion of 99%. A kinetic model is 

proposed to explain the activity and selectivity of the ZnO support and Pd/ZnO catalysts. 
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6.1 Introduction 

Atomic layer deposition (ALD) and molecular beam epitaxy have recently been 

developed to produce zinc oxide nanostructures, such as nanodots, nanowires and 

nanotubes [1]. The advantage of the ALD technique is the capability to control the crystal 

growth direction of highly textured ZnO thin films over metal nanoparticles deposited onto 

Si substrate [1, 2]. ALD  is based on the sequential pulsing of a chemical vapour precursor 

(from gas, liquid or solid source) into a mildly heated reactor where self-terminating gas-

solid reactions take place and each pulse forms about one atomic layer. The growth of oxide 

nanostructures occurred either from the vapor phase at 1173K [3] or via a surface terminated 

chemical reaction at ca. 373K [4]. Recently, a new structured catalyst based on sintered metal 

fibers with high mechanical strength, high permeability, and low pressure drop properties 

has been developed for the selective hydrogenation of functionalized alkynes [5], being an 

important step in the synthesis of fine chemicals [5-7], intermediates in the synthesis of 

vitamins A and E [8] and terpenes [9]. The support was coated by a grain-structured ZnO 

layer and loaded using a Pd0-sol of 7 nm nanoparticles. The new catalyst showed high 

activity, selectivity, and stability. During the mentioned reduction in hydrogen at 773K, 24 

nm crystallites of Pd0/PdZn alloy were formed. It was found that the Pd0/PdZn/ZnO phase 

was responsible for the catalyst activity, selectivity, and stability of the catalyst during the 

hydrogenation [5].  

There has also been increased interest in developing novel synthesis approaches 

such as coating of nanostructured objects with nanoparticles [6], and the use of shape-

selective carbon nanotubes as catalyst supports [10]. Zinc oxide nanostructures have been 

considered in several applications in catalysis, such as the synthesis of methanol, and 

hydrogenation of unsaturated hydrocarbons [1]. The nanowire structure demonstrates a 

clear advantage over mesoporous films deposited on the inner channel walls of 

microstructured reactor, as they have much larger open porosity and easily accessible 

structure [1, 3]. The latter increases considerably the effective diffusivity of large organic 

molecules into the porous domain, which in turn allows the increase of catalyst loadings far 

beyond the level of 3 kg/m3, being typically associated with supported thin film catalysts in 

microchannels [11]. 
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Figure 6.1. Reaction scheme of 2-methyl-3-butyn-2-ol hydrogenation and side reactions. MBY – 
2-methyl-3-butyne-2-ol, MBE – 2-methyl-3-butene-2-ol, MBA – 2-methyl-3-butane-2-ol, 1 – 2,7-
dimethyl-3,5-octadiyne-2,7-diol, 2 – 2,7-dimethyl-5-octen-3-yne-2,7-diol, 3 – prenal. 
 

The hydrogenation of 2-methyl-3-butyn-2-ol (MBY) to 2-methyl-3-buten-2-ol (MBE) 

is often used as a test reaction (Figure 6.1). In industry, this reaction is performed in slurry 

reactors over a 5% Pd/CaCO3 powder catalyst modified by lead acetate, known as the Lindlar 

catalyst. A yield of ca. 97% of the semi-hydrogenated product can be achieved, however, the 

catalyst deactivates after just a single cycle if water is present in the solvent. The Lindlar 

catalyst also suffers from the additional drawback that it must be separated from the 

reaction products. Using lead further limits its application in several industrial processes 

due to increasing safety restrictions. A selectivity of 95-97% alkenes in liquid-phase 

hydrogenation was observed over supported Pd catalysts [5, 6]. For MBY hydrogenation in 

ethanol, the selectivity to MBE has been found to increase in the following order: Pd black < 

Pd/C < Pd/Al2O3 < Pd/BaSO4 < Pd/MgO < Pd/ZnO ≈ Pd/CaCO3 [5].  

Two effects in Pd/ZnO have been proposed to be responsible for the improved 

selectivity: firstly, the metal-support interaction in case of reducible supports and, secondly, 

the electron donating effect from Zn, which is electropositive relative to Pd. The resulting 

increase in electron density of the noble metal enhances the selectivity due to the decreased 

alkene adsorption [5, 12]. Selectivity to the alkene can also be improved by employing 

electron donor compounds, like N-bases (quinoline, pyridine, ammonia), which, however, 

increases separation costs in downstream processing. Pd and Pt supported nanostructured 

1 2 

3 

k1 k2 
 

k3 
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ZnO catalysts demonstrated high selectivities to the desired products in a number of 

catalytic reactions such as ester hydrogenation (99%) [13], hydrogenation of CO2 to 

methanol (99%) [14], and the selective hydrogenation of cinnamaldehyde (96%) [12] and 

crotonaldehyde (80%) [15].  

Water, the universal solvent, has been recognized as one of the safest and most 

environmentally friendly alternatives to organic solvents [16]. However, many 

nanostructures are not stable in water even at ambient conditions. For the past few years, 

several attempts have been made to synthesize water-stable ZnO nanoparticles [17, 18].  

Here, we report a novel synthesis method to prepare Pd-based ZnO catalysts to 

selectively hydrogenate acetylene alcohols, based on vertically aligned ZnO nanowires 

grown by chemical vapour deposition (CVD) onto a c-oriented ZnO seed layer deposited by 

ALD which offers precise control of the thin film deposition down to the atomic scale [19].  

To the best of our knowledge, such kind of CVD grown ZnO based nanowires, promoted 

with Pd nanoparticles have not yet been used as heterogeneous catalysts.  In this paper, two 

types of catalysts prepared by CVD based techniques (i.e. CVD and ALD) are compared: an 

unpromoted ZnO NWs catalyst and two Pd/ZnO NWs catalysts, nominally the same 

catalysts promoted with monodispersed Pd nanoparticles with an average size of 2.7 and 4.5 

nm. The above mentioned catalysts were tested in MBY hydrogenation. The stability of the 

nanostructured catalysts was studied in methanol, water and a mixture thereof. 

 

6.2 Experimental 

6.2.1 Fabrication of Pd coated ZnO nanowires 

6.2.1.1 Deposition of highly c-oriented ZnO seed layers 

Highly c-oriented ZnO seed layers (circa 90 nm) were deposited by ALD onto 1×1 

cm2 Si (100) substrates. Diethylzinc (DEZn) and water were used as precursors for zinc and 

oxidant, respectively. The pressure of the ALD chamber was reduced by a rotary pump 

(5·10-4 to 7·10-4 bar). When the chamber reached the desired deposition temperature (553K), 

the vapor of both precursors was purged alternately into the chamber through separate inlet 

lines (DEZn: 0.015 s and water: 0.010 s, 1200 ALD cycles) using high purity nitrogen gas 

(20 cm3/min). 
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6.2.1.2 CVD growth of ZnO nanowires 

ZnO nanowires (NWs) were grown on highly textured ZnO seed layers (prepared 

as explained in section 6.2.1.1) by CVD. The growth of ZnO NWs was carried out in a 

horizontal tube reactor by CVD as shown in Figure 6.2. Both the Zn powder (1 g, 99.99 

wt.% purity) and the substrates pre-deposited with a highly (002) oriented ZnO seed layer 

were loaded in the middle of the reactor. The reactor was heated to the desired temperature 

(923K) under a constant flow of argon gas (90 cm3/min). When the desired growth 

temperature was reached, oxygen gas (10 cm3/min, otherwise would be specified) was 

delivered into the furnace to facilitate the growth of the NWs. The growth duration was 40 

minutes. The pressure of the reactor during the growth process was maintained at 0.02 bar 

using a vacuum pump.   

 

 

 

Figure 6.2. Schematic diagram of a CVD apparatus used to grow ZnO nanowires onto Si 
substrates with a ZnO seed layer. 
 

 

6.2.1.3 Pd nanoparticles coated ZnO nanowires 

The ZnO nanowires were subsequently spin-coated with two different ethanol 

solutions containing Pd nanoparticles [20] with an average size of 2.7 and 4.5 nm in order 

to obtain 1wt.% Pd in the catalyst. The substrates were dried and calcined at 773 K under air 

for 2 hrs. The resulting samples are referred to as Pd(4.5)/ZnO and Pd(2.7)/ZnO, where 

(4.5) and (2.7) indicate the size of the Pd nanoparticles. 

 

6.2.2 Characterization 

The crystal structure and texture of the ZnO thin films (i.e. seed layers) and the 

crystalline structure of the NWs were characterized by an X-ray diffractometer (Bruker, Cu 

Kα radiation with wavelength of 1.5406 Å). The thickness of the ZnO films was determined 

Gas inlet 

Zn powder Substrate 

Gas outlet 
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from the cross-sectional SEM images. The microstructures of the ZnO seed layers and NWs 

were examined using a combination of scanning electron microscopy (SEM, Phillips XL30 

ESEM-FEG) and transmission electron microscopy (TEM). TEM micrographs were 

obtained by a JEM-2010 microscope at 200kV with a resolution of 0.14 nm. Samples for 

TEM were prepared by placing a slice of the film removed from the substrate on a copper 

grid coated with a carbon film and dried under vacuum. The surface morphology of the 

films was examined using SEM. 

 

6.2.3 Hydrogenation of 2-methyl-3-butyn-2-ol 

The ZnO NWs or Pd/ZnO NWs films were placed in an autoclave reactor with a 

total volume of 270 ml and were reduced in-situ at 523 K at a hydrogen pressure of 5 bar for 

6 hours. Then, the reactor was cooled down to room temperature. A 6 mM solution of 

C5H7OH (MBY) in methanol, water or methanol-water (75-25 vol.%) mixture (130 ml) was 

deoxygenated and transferred into the reactor. Analysis of the reaction mixture was 

performed on-line by introducing aliquots at established time intervals into a Varian CP-

3800 GC equipped with a CP-Sil 5 CB capillary column. The carbon balance was closed 

within 99%. No C10-dimer formation was observed. The turnover frequency (TOF) was 

calculated as follow: 

                                            MBY Pd

cat loading

X N M
TOF

t m Pd D

⋅ ⋅
=

⋅ ⋅ ⋅

,                                         (6.1) 

where X is the MBY conversion, NMBY is the amount of MBY (mol), mcat is the catalyst 

amount (g), t the reaction time (s), and D the Pd dispersion. For the average Pd particle size 

as determined using TEM, the Pd dispersion was estimated using the following equation: D 

≈ 0.9/dTEM (nm) [21]. 
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6.3 Results and discussion 

6.3.1 Characterization of ZnO and Pd/ZnO NWs catalysts 

XRD results revealed that ZnO thin films (i.e. seed layers) were polycrystalline 

with a hexagonal wurtzite structure (Figure 6.3). These ALD deposited ZnO thin films 

grown at 553K were highly textured (00.2) with c axis perpendicular to the substrate surface. 

No diffraction was detected in the (10.0) pole figure of the film deposited at 553 K, whereas 

very strong diffraction intensity was measured in the middle of the (00.2) pole figure (not 

shown here).  

30 40 50 60

2Theta, 
o

(00.2)

 

 

Figure 6.3. XRD trace of ZnO thin films (i.e. seed layers) grown by ALD at 553K. 

 

SEM and TEM images of the as-synthesized ZnO NWs are shown in Figures 6.4a 

and 6.4b. The average length ranges from 1.5 to 10 µm and diameter of 144 ± 8 nm.  The 

overall average areal density of the ZnO NWs is 18.2 ± 0.5 NWs/µm2. The ZnO NWs grown 

on highly textured seed layers are vertically aligned (Figure 6.4a). TEM images of the 

Pd(2.7)/ZnO and Pd(4.5)/ZnO samples are shown in Figures 6.4c and 6.4d, respectively. 

Both catalysts contain monodispered Pd nanoparticles with an average diameter of 4.5 ± 0.1 

and 2.7 ± 0.1 nm which are homogeneously distributed over the ZnO NWs surface. 
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Figure 6.4. (a) SEM image of ZnO NWs ;  TEM images of: (b) ZnO NWs, (c) Pd(2.7)/ZnO NWs 
and (d) Pd(4.5)/ZnO NWs. 
 

The XRD pattern for the undecorated ZnO NWs is shown in Figure 6.5. The 

structure corresponds to a zincite hexagonal P63mc structure (cell parameters of a = 3.2Å, c 

= 5.2Å), with a small shift to higher 2θ values [22]. 

 

Figure 6.5. XRD pattern of ZnO NWs. 
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6.3.2 MBY hydrogenation 

6.3.2.1 Effect of solvent 

The Pd(2.7)/ZnO NWs catalyst was tested in MBY hydrogenation in different 

solvents: water, methanol and a methanol-water  (3:1 vol.) mixture. The lowest activity and a 

selectivity of 76% to MBE were observed when water was used (Table 6.1). The Pd particle 

size increased from 2.7 to 3.3 nm after two experimental runs (Figure 6.6b). Replacement 

of water with methanol increased the selectivity to the semihydrogenated product. The 

highest MBY selectivities of 82 and 88% were observed in the methanol-water mixture and 

pure methanol, respectively. The activity of the Pd(2.7)/ZnO catalyst remained constant in 

two hydrogenation runs. TEM analysis (Figure 6.6a) showed that the diameter of the ZnO 

nanowires remained the same, but the Pd nanoparticle diameter increased from 2.7 to 3.5 

nm in the methanol-water mixture. In pure methanol, the Pd particle diameter of 2.7 nm 

remains unchanged after three hydrogenation runs.  

 

 

 

Figure 6.6. TEM image of Pd(2.7)/ZnO NWs after test in (a) methanol-water as a solvent;  
(b) water as a solvent. 

 

 

 

 

 

 

 

a                                             b 
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Table 6.1. Results of MBY hydrogenation on Pd(2.7)/ZnO NWs catalyst. 

Pressure, 

bar1 

Solvent Initial 

TOF, s-1 

Selectivity to 

MBE1, % 

Average diameter 

of Pd particles, nm 

5 H2O 1.5 77 ± 2 2.7 ± 0.12 

5 H2O 1.3 75 ± 2 3.3 ± 0.33 

5 25%vol. H2O in 

MeOH 

3.1 82 ± 2 n.d. 

5 25%vol. H2O in 

MeOH 

2.9 82 ± 2 3.5 ± 0.24 

5 MeOH 1.5 88 ± 2 n.d. 

5 MeOH 3.2 86 ± 2 n.d. 

2 MeOH 3.2 88 ± 2 2.7 ± 0.15 

Reaction temperature during all runs was kept at 303K 
1 values are given at 99.9% MBY conversion 
2 measured before 1st run in water 
3 measured after 2nd run in water 
4 measured after 2nd run in water-methanol 
5 measured after 3rd run in methanol 
 
 

The reaction scheme of the MBY hydrogenation is shown in Figure 6.1. There 

exist three pathways in the MBY hydrogenation reaction. The first one is a conversion of 

MBY to the semihydrogenated product (MBE), the second one takes place through the 

conversion of MBE to the fully hydrogenated product (MBA), and the third one is the direct 

alkyne-to-alkane hydrogenation reaction. Langmuir–Hinshelwood kinetics (Equations 6.1 - 

6.3) can be used to describe the experimental results: 
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where KY, KE, and KA are the adsorption constants, kn is the rate constant for reaction n 

(Figure 6.1), and CY, CE, CA are the concentrations of MBY, MBE, and MBA, respectively. 

The hydrogen concentration was calculated from the known solubility data [23].  

The concentrations of MBY, MBE, and MBA as a function of time are shown in 

Figure 6.7. The kinetic parameters were obtained by using regression analysis to minimize 

the residual sum of squares between the experimental and calculated concentrations at the 

reactor outlet. All experimental data were treated with equal statistical weights. The model 

data (solid lines) reveal an excellent match with the experimental data (circular symbols). 

The kinetic parameters are presented in Table 6.2. 
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Figure 6.7. Product distribution during the MBY hydrogenation reaction on Pd(2.7)/ZnO NWs 
using different solvents: (a) water (1st run); (b) 25%vol. water in methanol (1st run); (c) methanol 
(2nd run). Solid lines represent the concentration profiles obtained by fitting the kinetic model, 
symbols represent experimental data. Reaction conditions: 6 mM solution of C5H7OH, hydrogen 
pressure 5 bar, temperature 303 K. 
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Table 6.2. Parameters for the kinetic model of MBY hydrogenation on Pd(2.7)/ZnO NWs 
catalysts in different solvents. 

Kinetic parameters Water 

1st run 

25%vol. water in 

methanol 

1st run 

Methanol 

2nd run 

k1, m
3/mol/min 2.3·10-3 ± 3·10-4 2.6·10-3 ± 2·10-4 2.8·10-3 ± 2·10-4 

k2, m
3/mol/min 3.2·10-4 ± 5·10-5 3.3·10-4 ± 5·10-5 8.7·10-5 ± 5·10-6 

k3, m
3/mol/min 6.5·10-4 ± 3·10-5 7.1·10-4 ± 2·10-5 3.4·10-4 ± 2·10-5 

KY, m3/mol 2.1·103 2.5·103  5.1·103 

KE, m3/mol 0.8 0.45 2.0·10-2 

KA, m3/mol 1.3·10-2 (fixed) 1.3·10-2 (fixed) 1.3·10-2 (fixed) 

KY/KE, –  2.6·103 5.6·103 2.6·105 

k1/k3, – 3.5 3.7 8.2 

 

In the case of using methanol and the methanol-water mixture, the TOF was 

found to be of the same value (ca. 3.2 and 3.0, respectively). As compared with the 

methanol-water mixture, the rate constant k1 was by 10% higher in methanol and it was by 

10% lower in water. This can be explained by the different polarity of the solvents. The 

coordination of the adsorbed species is influenced by their environment which is different 

in methanol and water. It was reported in [24] that the hydrogenation activity decreases with 

increasing solvent polarity due to competitive adsorption of the polar solvent and the 

substrate on the catalyst surface. 

The fully hydrogenated product was produced from the beginning of the reaction 

in all three solvents. The increase of the selectivity towards MBE in the following sequence 

– water < methanol-water < methanol – is in agreement with an increase in the k1/k3 ratio 

(Table 6.2). The KY/KE ratio steadily increases from 2.6·103 to 2.6·105 for water and 

methanol, respectively. In the case of methanol KY is twice higher than in water, however KE 

is 40 times lower. In the case of methanol-water mixture both KY and KE possess 

intermediate values. The selectivity to MBE increases after substitution of water with 

methanol also because the direct MBY-to-MBA hydrogenation is suppressed. This fact is 

confirmed by the increase of the k1/k3 ratio: 3.5, 3.7 and 8.2 for water, water-methanol and 

methanol, respectively. The increase of the rate of C=C bond hydrogenation using the polar 

solvents was observed in [24-26]. One of the possible explanations is that the polar solvents 

favour adsorption of double bond containing compounds, because of their lower affinity for 
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this molecule [24, 25]. However, it was mentioned that several factors can be responsible for 

the effect of solvent on the activity and selectivity, e.g. solubility of the liquid and gaseous 

reactants and their adsorption on the catalyst surface, competitive adsorption of solvent 

molecules, interaction of the solvent with the reactant(s) either in the liquid-phase or on the 

catalyst surface as well as catalyst deactivation caused by the solvent. Therefore, the solvent 

effects are a combination of very different physical and chemical phenomena and thus it is 

not straightforward to present a complete picture [27].  

 

6.3.2.2 Effect of temperature and pressure 

The highest selectivity to MBE was obtained in methanol, therefore all further 

experiments were also performed in methanol. The Pd(4.5)/ZnO NWs catalyst was studied 

at different reaction conditions and the highest MBE selectivity noted was 95% at an MBY 

conversion of 99% using 5 bar H2 pressure at 323 K.  The effect of hydrogen pressure was 

studied at 323 and 333 K. There is a maximum in selectivity at 5 bar at both temperatures. At 

a hydrogen pressure of 10 bar the selectivity drops, what is in agreement with previously 

reported data [6], possibly because the MBE-to-MBA and MBY-to-MBA hydrogenation 

reactions take place. On the other hand, at a pressure of 2 bar, the selectivity to MBE is 

lower than that at 5 bar. With increasing the hydrogen pressure from 2 to 5 bar, the surface 

of the catalyst can be completely covered by hydrogen, which inhibits adsorption of MBE, so 

the further MBE-to-MBA hydrogenation is prevented [28].  

The selectivity and activity of the catalyst decrease after the second hydrogenation 

run  (Table 6.3) because of a deactivation process that can be related to the deposition of 

organic species on the noble metal surface and sintering of Pd nanoparticles. These two 

phenomena can reasonably be viewed as causing the partially reversible deactivation of the 

catalyst. After regeneration at 573K for 2 hours, the catalyst showed higher activity and MBE 

selectivity than in the second hydrogenation run, but still lower than in the first run. Both 

activity and selectivity dropped because of the aggregation of Pd nanoparticles. The 

regeneration at higher temperatures led to further catalyst deactivation. The Pd nanoparticle 

size increased to 7.5 and 9 nm after calcination at 773 and 823 K, respectively. Such a 

significant sintering can be explained by complete PVP removal above 773 K.  
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Table 6.3. Results of MBY hydrogenation on Pd(4.5)/ZnO NWs catalyst. 

After regeneration  Before 
reaction 

1st  
run 

2nd 
run 

573K/2hrs/ 
air 

773K/2hrs/ 
air 

823K/2hrs/ 
air 

Pd particles 

size, nm 

4.5 ± 0.1 n.d. n.d. n.d. 7.5 ± 0.2 9.0 ± 0.3 

Initial TOF, 

s-1 

– 0.59 0.48 0.53 0.27 0.04 

MBE 

selectivity1, 

% 

– 95 ± 2 91 ± 2 91 ± 2 87 ± 2 86 ± 2 

  1 values are given at 99.9% MBY conversion 

 

 The blank experiments were performed with ZnO NWs. The MBE selectivity over 

the ZnO NWs was rather low at 313 K (Figure 6.8). As the temperature increases, both the 

reaction rate and the MBE selectivity increase. The highest selectivity of 89% was observed 

at 333 K and 5 bar H2 pressure.  Further increase in temperature results in a decrease in the 

selectivity to 83% at 343 K. Nevertheless, in our view the selectivity of 89% towards MBE 

can be considered as rather high in the absence of noble metal. There is still a chance to 

increase the selectivity by optimizing the solvent and the temperature. The ZnO NWs 

catalyst was observed to be stable: no deactivation after 20 hydrogenation cycles was 

observed. 
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Figure 6.8. Selectivity towards MBE using ZnO NWs catalyst under different reaction 
conditions. Reaction conditions: 6 mM solution of C5H7OH in methanol, hydrogen pressure 3-10 
bar, temperature 313-343 K. 
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The concentrations of MBY, MBE, and MBA as a function of time are shown in 

Figure 6.9a, b and c for the first experimental run using an ZnO NWs sample, and the first 

and second runs on the Pd(4.5)/ZnO NWs catalyst, respectively. The model data (solid 

lines) is in good agreement with the experimental data (circular symbols). The kinetic 

parameters are listed in Table 6.4. 
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Figure 6.9. Product distribution during the MBY hydrogenation reaction on: (a) ZnO NWs; (b) 
Pd(4.5)/ZnO NWs 1st run; (c) Pd(4.5)/ZnO NWs 2nd run. Solid lines represent the concentration 
profiles obtained by fitting the kinetic model, symbols represent experimental data. Reaction 
conditions: 6 mM solution of C5H7OH in methanol, hydrogen pressure 5 bar, temperature 323 K. 
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Table 6.4. Parameters for the kinetic model of MBY hydrogenation on ZnO NWs and 
Pd(4.5)/ZnO NWs catalysts. 

Kinetic parameters ZnO NWs Pd(4.5)/ZnO NWs  

1st run 

Pd(4.5)/ZnO NWs 

2nd run 

k1, m
3/mol/min 2.53·10-4 ± 5·10-6 2.61·10-4 ± 2·10-6 2.38·10-4 ± 2·10-6 

k2, m
3/mol/min 1.0·10-4 ± 8·10-5 7·10-4 ± 1·10-4 3.4·10-4 ± 1·10-5 

k3, m
3/mol/min 4.3·10-5 ± 4·10-6 1.6·10-5 ± 2·10-6 3.8·10-5 ± 1·10-6 

KY, m3/mol 20 7.7·103  2.4·104  

KE, m3/mol 2.5·10-2 2.3·10-2 2.3·10-2 

KA, m3/mol 1.3·10-2 (fixed) 1.3·10-2 (fixed) 1.3·10-2 (fixed) 

KY/KE, –  8.0·102 3.4·105 1.1·106 

k1/k3, – 5.9 16.2 6.2 

k2/k3, – 2.3 46.3 8.8 

 

In the case of Pd(4.5)/ZnO NWs, 99.5% conversion of MBY was achieved after 22 

and 24 hours during the first and second run, respectively.  The rate constant k1 decreased 

by 9% during the second run, and this likely indicates onset of the deactivation process. 

Alkane was produced from the beginning of the reaction. The selectivity towards MBE at 

99.9% MBY conversion decreased from 95 to 91%. This observation is in agreement with a 

2.6-fold decrease in the k1/k3 ratio in the second run as compared with the first run. In the 

case of the ZnO NWs the selectivity towards MBE was found to be 89% and the k1/k3 ratio 

was calculated to be 5.9. 

The KY/KE ratio of 8.0·102 for the ZnO NWs was of the same order of magnitude 

as has been reported previously [6, 29]. In contrast, the KY/KE ratios of 3.4·105 and 1.1·106 

observed presently for cycles 1 and 2 using Pd(4.5)/ZnO are 2-4 orders of magnitude higher 

than that reported elsewhere [6, 29] for the hydrogenation of MBY and phenylacetylene. 

Since KE was of the same magnitude as reported previously [6], this can be taken as being 

indicative of the stronger adsorption of MBY on the Pd(4.5)/ZnO NW surface. 

During the first experimental cycle using Pd(4.5)/ZnO, MBE formation only 

became significant after MBY is consumed, whereas during the second cycle the parallel 

mechanism makes a greater contribution to the formation of MBA (k2/k3 ratios are 46.3 and 

8.8 for the first and second runs, respectively). This observation was in agreement with data 

obtained during the hydrogenation of phenylacetylene [29]. In the case of ZnO NWs, the 

influence of the direct alkyne-to-alkane hydrogenation was even higher (k2/k3 ratio is 2.3). 
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During the first experimental run deploying Pd/ZnO the selectivity to MBE dropped from 

97 to 95% during the first hour before remaining constant until MBY has undergone 

complete conversion. In the second run, the selectivity towards MBE decreased from 94 to 

91% over the first 3 hours, remaining constant thereafter. In the case of ZnO NWs the 

selectivity towards MBE (89%) did not decrease until the MBY substrate was completely 

consumed. 

Pd(2.7)/ZnO NWs catalysts were tested in MBY hydrogenation at a temperature of 

303K and at different hydrogen pressures (2 and 5 bar). The selectivity towards MBE was 

found to be 86-88% each of the three times that the reaction was run. The activity of the 

catalyst (TOF) exhibits a 2-fold increase during the second run of the reaction (Table 6.1) 

and remains the same during the third run. The Pd(2.7)/ZnO NWs catalysts exhibited 

better activity but lower selectivity in comparison with the Pd(4.5)/ZnO NWs catalysts. 

However, as can be seen from Table 6.3, for the Pd(4.5)/ZnO NWs catalyst the selectivity 

drops from 95 to 91% during the second run of the reaction because of catalyst deactivation. 

The lower selectivity and absence of deactivation in the case of Pd(2.7)/ZnO NWs can be 

explained by the lower temperature at which the reaction was conducted (303K). Based on 

our observations, the higher activity in MBY hydrogenation can clearly be related to the use 

of smaller Pd nanoparticles. 

 

6.4 Conclusions 

Vertically aligned ZnO NWs have been successfully grown by CVD onto highly 

(00.2) textured ZnO seed layers deposited by ALD at 553 K. The ZnO nanowires were 

subsequently spin-coated with Pd nanoparticles, and the resulting samples were tested in 

the hydrogenation of 2-methyl-3-butyn-2-ol in a batch reactor. The ZnO NWs showed no 

deactivation after 20 hydrogenation runs at 323 K. The MBE selectivity of 95% at an alkyne 

conversion of 99% was observed over the Pd(4.5)/ZnO catalyst at 323 K.  Catalytic tests 

performed in water and in a methanol–water (3:1 vol.) mixture led to sintering of the Pd 

particles decreasing both the activity and selectivity. The highest TOF of 3.2 s-1 and 

selectivity of 88% were observed over the Pd(2.7)/ZnO NWs catalyst in methanol at 303K. 

The catalyst remains stable during three subsequent hydrogenation runs. The ZnO NWs 

were rather stable in water which is promising for further optimization of their activity and 

stability using highly polar solvents. 
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Conclusions and Outlook 

 

This research is focused on the preparation and characterization of noble metal 

doped titania films, deposited on the flat plates and within the microcapillaries. 

Mesoporous titania thin films were found to be good candidates as catalytic 

supports due to their narrow pore size distribution, favourable surface properties and high 

stability as compared with, for example, silica films. Titania films can be produced on a 

substrate by different methods such as anodic oxidation, atomic layer deposition, different 

modifications of sol–gel synthesis, and so on. In this work, sol–gel method combined with 

evaporation induced self assembly method was applied to obtain mesoporous titania 

coatings. The mesoporous catalytic films were synthesized via direct adding of metal 

nanoparticles into the titania sol or by adsorption of the metal-organic compounds onto the 

mesostructured titania support. The particle size in nanostructured catalyst, the pore size 

and the thickness of the mesoporous support can be independently controlled via a one-pot 

evaporation induced self assembly synthesis. One of the disadvantages of this method is 

that the thickness of the single layer is limited to ca. 300 nm, which prevents their efficient 

use in microstructured reactors as the catalyst occupies less than 0.5% of the reactor 

volume. To obtain thicker films multi step spin-coating procedure was used. The thickness 

gain with each deposition cycle consistently decreased from ca. 300 nm per cycle in the first 

cycle to 200 nm in the last cycle. After 5 depositions the thickness of 1 µm was achieved.  

Mesoporous films were successfully used as a catalytic support for noble metal 

nanoparticles. The resulting catalysts showed high activity and selectivity in number of 

hydrogenation  reactions. Bimetallic supported catalysts  are  known  to  be very selective  in 

hydrogenation of α,β-unsaturated aldehydes. The particle size and electronic structure of 

bimetallic Pt-Sn/TiO2 catalysts were  modified  via  changing  the  synthesis  techniques and  
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metal precursors. Catalytic films consisting on mesoporous TiO2 films doped with Pt-Sn 

nanoparticles and powdered Pt-Sn/TiO2 catalysts were synthesized by loading Pt-Sn 

carbonyl complex onto TiO2 mesoporous supports,  one-pot synthesis (adding Pt-Sn clusters 

and Pt-Sn nanoparticles colloid solutions into titiania sol), successive and combined 

impregnatio from Pt and Sn inorganic precursors. A dependence of the catalytic 

performance of the catalysts on a preparation method was demonstrated. The activity of the 

catalysts prepared by co-impregnation was found to be higher than that of one prepared via 

successive impregnation, what could be attributed to an intimate contact between the 

metals. The activity and selectivity of Pt-Sn/TiO2 catalysts in citral hydrogenation reaction 

strongly depend on the precursor type and adsorption time. The highest yield (90%) of the 

desired product – unsaturated alcohols – was observed in the case of catalytic film obtained 

from Pt-Sn clusters solution with adsorption time of 5 hrs during the first run of the 

reaction. This remarkable result can be explained both by particle size and electronic state 

of Pt and Sn in the catalytic films prepared by different methods. The presence of platinum 

and tin in metallic state in the catalyst was determined by X-ray Photoelectron Spectroscopy. 

It indicates the possibility for the existence of Pt-Sn alloy phases, what improves the 

catalytic properties. One more possibility to enhance the catalytic properties via modifying 

the structural and electronic properties of the bimetallic catalysts, which was out of scope of 

this thesis, is the varying the bimetallic complex solutions composition and concentration. 

It is well known, that the performance of the catalytic thin films is extremely 

dependent on the characteristics of the pore volume such as the total porosity, pore size 

distribution, and porous structure. The properties of catalytic thin films deposited onto a 

substrate sharply differ from the properties of bulk material, therefore characterization of 

similar pelletized materials can not provide reliable information. Few techniques can be 

used for mesoporous film characterization: positron annihilation lifetime spectroscopy, 

small angle neutron and X-ray scattering, X-ray reflectance etc.. In most cases when 

ellipsometry is applied in material science, it has been used for determination of the film 

thickness, but the potential in using ellipsometric porosimetry for resolving microstructural 

and dynamic information has not fully been exploited yet. Ellipsometric porosimetry is 

more informative in comparison to classical adsorption porosimetry, and is much simpler 

and cheaper than, for example, small angle neutron scattering or positron annihilation 

methods. In addition to structural characteristics, the heat of adsorption of volatile 
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adsorbates on different surfaces can also be determined via the measurement of the optical 

characteristics at different temperatures. 

A new approach for predicting the pore size distribution of mesoporous thin films 

using ellipsometric porosimetry has been developed taking into account multilayer 

adsorption and capillary condensation phenomena. The improved Derjaguin, Broekhoff, 

and de Boer model was applied for estimating the mesopore size on titania and silica thin 

films deposited on a silicon substrates. An empirical expression for the disjoining pressure 

isotherm was applied to represent the interaction between the adsorbate and the adsorbent 

in the Broekhoff and de Boer adsorption theory. The parameters in the empirical expression 

were obtained by fitting the multilayer region of an experimental isotherm on the titania 

and silica films. The adsorbate film thickness was directly measured by ellipsometry on 

non-porous films with the same chemical composition. This approach eliminates 

uncertainties related to the application of the statistical film thickness determined via t-plots 

in previous versions of the IDBdB model, which in turns allows considerably increase of the 

accuracy in the determination of the Tolman length which characterize the surface tension 

for a curved surface. The desorption isotherms of ethanol were predicted and adjusted to 

the experimental data by fitting the Tolman parameter of the IDBdB model. The IDBdB 

desorption model with Tolman parameter of +0.2 nm was found to accurately describe the 

pore diameter in a range of mesopores from 2.1 to 8.3 nm. The results of proposed IDBdB 

model were compared and found to be in agreement with those obtained by independent 

methods.  

Chip- and capillary-based microreactor research for fine chemicals synthesis is a 

rapidly growing field getting benefit from the advantages of microreactor technology over 

conventional chemical synthesis. Capillary microreactors represent a promising way to 

reduce time and costs of chemical processes with increased selectivity, enhanced safety due 

to smaller volume, and higher reactivity as a result of high surface area-to-volume ratio. The 

advantages of using of the fused silica capillaries as catalytic substrates include effective 

product isolation from the catalysts, improved control of the catalyst-reactant contact time, 

and little amount of wastes, and relatively low price. The ease of scaling through the concept 

of numbering up (i.e. assembling several microchannel reactors in parallel) is another 

advantage of capillary microreactors. However, this scaling up requires a considerable effort 

due to the challenges in keeping similar hydrodynamic, mass and heat transfer 

characteristics for two different reactor scales.  
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In this research the kinetics of citral hydrogenation over Au/TiO2 and Pt-Sn/TiO2 

catalytic thin films deposited onto the inner walls of capillary microreactors was studied. 

The influence of the reaction temperature, liquid residence time, initial citral concentration 

and hydrogen partial pressure on activity and selectivity to the unsaturated alcohols was 

investigated. The highest yield of unsaturated alcohols of 79% was obtained using the Pt-

Sn/TiO2 thin film at 343 K, liquid residence time of 30 min, and a hydrogen partial pressure 

of 1. A detailed kinetic analysis of the hydrogenation of citral and its hydrogenated products 

(unsaturated alcohols, citronellol and citronellal) was performed to find certain kinetic and 

adsorption constants. The kinetics was studied in the absence of mass transfer limitations 

in an annular gas-liquid flow in a capillary microreactor. Proposed kinetic model suitably 

describes experimental data of citral hydrogenation as well as of its hydrogenated products.  

The drawback of the mesoporous thin films is that the maximum catalytic film 

thickness to avoid internal mass transfer limitations is estimated to be ca. 3 µm, because the 

diffusion of large organic molecules in the porous network is much slower as compared to 

that observed in gas phase reactions. The nanowire structure demonstrates a clear 

advantage over mesoporous films, as they have much larger open porosity and easily 

accessible structure. The latter increases considerably the effective diffusivity of large 

organic molecules into the porous domain, which in turn allows the increase of catalyst 

loadings far beyond the level of 3 kg/m3, being typically associated with supported thin film 

catalysts in microchannels.  

In the present research, vertically aligned zinc oxide nanowires with a length of 1.5 

– 10 µm and a mean diameter of ca. 150 nm have been successfully grown by chemical 

vapour deposition technique onto the highly textured zinc oxide seed layers. The zinc oxide 

nanowires were subsequently spin-coated colloid solution containing Pd nanoparticles. 

Resulting samples were tested in the semihydrogenation of 2-methyl-3-butyn-2-ol in a batch 

reactor. The zinc oxide nanowires showed no deactivation after 20 hydrogenation runs at 

323 K in methanol. The alkene selectivity of 95% at an alkyne conversion of 99% was 

observed over the Pd/ZnO catalyst. Catalytic tests performed in water and in a methanol–

water (3:1 vol.) mixture led to sintering of the Pd particles decreasing both the activity and 

selectivity. The zinc oxide nanowires were found to be rather stable in water which is 

promising for further optimization of their activity and stability using highly polar solvents. 
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