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Table of Contents Introduction

Considering the unavoidable depletion of fossil fuels in the future, it is necessary to find new and renewable source(s) of energy and chemicals. Huge potential is located in biomass.

Lignocellulosic biomass is composed mainly of three substances: cellulose (14-69% of dry mass), hemicelluloses (8-22%) and lignin (8-29%). 1 At first it is necessary to separate them and then to transform them into smaller/simpler building chemical blocks. This requires mechanical pre-treatment of the biomass, enzymatic or chemical (acidic) hydrolysis, fermentation, separation/purification of products. Cellulose and hemicelluloses are good sources of sugars like glucose, mannose, xylose and arabinose, whereas, lignin can serve as reservoir of aromatic compounds. 2 By further transformations different acids, aldehydes, ketones, polyalcohols, monoalcohols, esters etc. can be obtained.

Among the biomass-derived substances some mono-and polyalcohols can be found: glycerol, butanediols, propanediols, ethylene glycol and fatty alcohols, to name the most popular ones.

Their dehydrogenated products -aldehydes and ketones -are high value-added products.

They are already used in pharmaceuticals, in perfumes as flavorings, as food additives, as solvents, in polymer production, and as disinfectants.

Acceptor-less alcohol dehydrogenation (AAD) is an atom efficient reaction, allowing for the production of carbonyl compounds from (biomass-derived) alcohols. As the only by-product in the reaction, H2 in gaseous form is obtained, which generation is of high interest, as it can be used as a highly-energetic fuel ( 

R, R' = alkyl, aryl, H

However, the reaction is not thermodynamically favored at room temperature (e.g. for isopropanol dehydrogenation 3 ∆H 298K = 55.2 kJ mol -1 , ∆S 298K = 150 J mol -1 K -1 and therefore ∆G 298K = 10.5 kJ mol -1 = 0.11 eV; and for 2-octanol dehydrogenation 4 ∆H 298K = 53.0 kJ mol -1 , ∆S 298K = 124 J mol -1 K -1 what gives ∆G 298K = 16.0 kJ mol -1 = 0.17 eV), hence it requires elevated temperatures (over 100℃) to proceed.

To facilitate the reaction, different catalysts can be used. This opens the door to improve its efficiency, and to guide its selectivity towards the desired carbonyl products. As will be detailed in Chapter 1, in the literature, examples of utilization of homogeneous and heterogeneous metal catalysts can be found. It is well-known, that the homogeneous catalysts suffer from problems of stability and recyclability. Moreover, they often require the presence of additives (like bases) to be efficient. Alternative for them constitutes heterogeneous catalysts. They are easy to recover after the experiment, can be more stable and the addition of base can be avoided thanks to the acid-basic properties of the catalyst support. Up to now, the most investigated catalysts in the AAD reaction are the noble metal catalysts. Due to their high costs, the replacements are sought. The chance lies in the use of non-noble metal catalysts. Some examples of the utilization of Cu, Ni and Co supported catalysts can be found, however, they are not always entirely selective to the desire carbonyl product. To improve the chemoselectivity in the reaction, heterogeneous unsupported (shaped) metal nanoparticles are postulated as good candidates for this purpose. 5 Biomass derived reactants can be complex substances. Hence, it is important to find a catalyst which will be active and selective in a given reaction. To do this more efficiently (avoiding trial and error approach) it is important to understand the catalyst performance in term of its structural properties. 6,7,8,9 For this purpose, joining experimental (synthesis, catalytic tests, sample characterization) and theoretical (chemical modeling) attitudes is useful.

The controlled synthesis allows to obtain the catalyst of well-defined properties. It is possible to synthesize metal supported catalysts for which the nature of support is known, or the NPs size is controlled. Also, unsupported shaped NPs for which the exposed crystallographic facets are defined can be obtained. In the catalytic tests it is possible to investigate the activity and selectivity, starting from substances with one functional group, through the ones of higher complexity, to finish with biomass-derived substrates. Thanks to the different characterization techniques it is possible to learn about the structural properties of materials, and structural parameters, influencing the catalysts performance, will be discussed. It will be demonstrated, how the type of metal, nature of support, the shape of nanoparticles and the presence of ligands on the metal surfaces, can influence the catalytic activity and/or selectivity.

The following Chapter 2 will refer to the technical details of the characterization techniques, catalytic tests equipment and conditions, and results analysis. Furthermore, the technical details of DFT computations will be indicated.

At the beginning of this work, as the project was new in our group, it was necessary to set-up the reaction equipment and establish the reaction conditions. For this purpose, we used Co/TiO2 as a benchmark catalyst, which is reported in the literature as active in AAD reaction. 10 Afterwards, we investigated the effects of: solvent, catalyst post-treatment, aging and activation, recyclability, used metal precursor, and nature of support, on the catalytic performance of cobalt catalysts towards model secondary (2-octanol) alcohol dehydrogenation. Moreover, for chosen catalysts, their activity towards the dehydrogenation of primary alcohol (1-octanol) and diol (1,2-octanediol) was investigated. By this, we established their selectivity towards dehydrogenation of primary vs secondary alcohols. This will be described in details in Chapter 3.

At the same time, we started our DFT investigations about the activity of different Co surfaces towards the dehydrogenation of primary and secondary alcohols. The aim was to assess the preferred reaction mechanism and to understand the catalytic behavior of the Co facets of different nature. As Co can exist in hexagonal close packed (hcp) and face center cubic (fcc) crystallographic forms metal surfaces of both types were considered. We modeled the reaction pathway on 5 different hcp type surfaces and 4 different fcc type facets.

Furthermore, the relations between kinetic and thermochemistry of the elementary reactions were checked and the adsorption strength of different reaction species in term of the adsorption position was studied. At this point the chemoselectivity exhibited by Co nanorods (preliminary catalytic tests conducted by our project partners), towards the preferential dehydrogenation of secondary alcohol over primary alcohol, were also explained. This work will be described in Chapter 4.

The last Chapter 5 is focused on the catalytic activity of the unsupported cobalt nanoparticles (NPs) of different shapes, protected with carboxylic ligands of different lengths, for the dehydrogenation of 2-octanol. Different characterization techniques allowed us to identify the intrinsic properties of the unsupported metal NPs (such as the specific surface area, type and amount of exposed facets, amount of ligands protecting the samples).

By the combined analysis of NPs characteristics, their catalytic activity and DFT investigations, the main factors guiding their catalytic performance were identified. To finish with, the chemoselectivity of a chosen catalyst towards dehydrogenation of different types of alcohols (primary, secondary and diol) was checked.

Chapter 1

Bibliographic study

The aim of this chapter is to give the literature background for these studies. The first part of it refers to the acceptor-less alcohol dehydrogenation (AAD) in liquid phase. To begin with, different types of catalysts used for monoalcohols dehydrogenation are presented.

Furthermore, the reaction conditions are analyzed in a critical way and the comparison of the catalyst's activity towards dehydrogenation of different alcohols, particularly octanols, is made. Afterward, the examples of dehydrogenation of diols are discussed, what brings us closer to biomass-derived polyalcohols. This part finishes with the explanation of the formation of by-products observed in AAD reaction. Second part of this chapter refers to the influence of the catalyst's structural parameters on the catalytic activity. It starts with the insight into activity of different metals. Then, it refers to the NPs size effect and support effect, the shape effect, and the ligand effect. The Chapter finishes with the considerations about possible use of shaped NPs in AAD reaction.

Acceptor-less alcohol dehydrogenation

The oxidation of alcohols is an important reaction in organic chemistry. In the past, strong oxidants such as permanganate (MnO4 -) or dichromate (Cr2O7 2-) were used in order to convert alcohols into useful carbonyl compounds. 11 However, with these oxidants harmful by-products are obtained and it is hard to avoid the overoxidation of primary alcohols to acids.

Metal-catalyzed oxidation allows to use milder oxidants (Figure 1.1.a), such as O2 12,13,14,15 and H2O2, 12,13 but still the selectivity to the desired product may be an issue. The reaction can be as well facilitated by the presence of hydrogen acceptors (Figure 1.1.b), like olefins (e.g. styrene) 16,17 and ketones, 18 but the separation of the obtained by-products is unavoidable in such strategy, which increases the costs of the process. The most attractive reaction for the production of carbonyl compounds seems to be the acceptor-less alcohol dehydrogenation. It does not require the use of toxic reagents and the overoxidation is avoided. Moreover, only H2 in gaseous form is obtained as a by-product, which is of high interest, as it can be used as a highly-energetic fuel. 19,20 From the thermochemical point of view, acceptor-less alcohol dehydrogenation is not favored at room temperature (e.g. for isopropanol dehydrogenation 3 ∆H 298K = 55.2 kJ mol -1 , ∆S 298K = 150 J mol -1 K -1 and therefore ∆G 298K = 10.5 kJ mol -1 = 0.11 eV; and for 2-octanol dehydrogenation 4 ∆H 298K = 53.0 kJ mol -1 , ∆S 298K = 124 J mol -1 K -1 what gives ∆G 298K = 16.0 kJ mol -1 = 0.17 eV). Hence, it requires an elevated reaction temperature (over 100℃) to proceed, and because of this, it is called thermal alcohol dehydrogenation. Another way to drive the reaction equilibrium towards the products is to remove the generated H2 from the reaction environment. It can be achieved by conducting the reaction under constant flow of gases 21 or at low pressure (e.g. 0.01 atm). 22 Catalysts are used to facilitate the proceeding

C O R 1 Cat C R 1 R 2 H HO 1/2 O 2 H 2 O C O R 1 R 2 Cat C R 1 R 2 H HO R 2 C O R 1 Cat C R 1 R 2 H HO R 2 H 2
of the reaction. In the literature examples of homogeneous and heterogeneous (supported and unsupported) catalysts can be found, which will be discussed in the following sections.

Catalysts for the acceptor-less monoalcohol dehydrogenation

Some examples of the homogeneous catalysts used in the acceptor-less alcohol dehydrogenation are reported in the literature, and also are collected in reviews. 23,24,25 Among them the complexes of Ru, 26,27,28,23 Os, 26 Rh, 29 Ir, 30 Fe, 31 and Co 32,33 can be found. Nowadays, the most common in use are pincer complexes. They are composed of tridentate (pincer) ligands, bound to metal center at coplanar sites (Figure 1.2). Their activity is based on the cooperation between metal and the ligand, and therefore can be influenced by the modification of both. 24 As it was summarized by Filonenko et al. the presence of additives and promoters is often decisive for the good activity of homogeneous metal complexes. 25 They can be Lewis acid additives and/or basic promoters (non-anionic, or anionic organic and inorganic). Notably, the complexes of base metals (Fe, Co, Mn) often require higher base concentration in comparison with the noble metal complexes. Considering the performance of homogeneous catalysts, 23,24 they are active and selective towards secondary alcohols dehydrogenation. Also, some examples of primary alcohol dehydrogenation can be found, but they are less common, as some catalysts (like Ru) can be deactivated by CO coming from the aldehyde decarbonylation.

As it is commonly known, homogeneous catalysts often suffer from the problems with stability, recyclability, and necessity of additive use. Therefore, the attention is paid towards finding active and selective heterogeneous catalysts. They are easy to recover after experiment and can be more stable. As well the necessity of base or acid addition can be circumvented by the use of supports with acid-basic properties.

Among the heterogeneous supported catalysts, mostly noble metal catalysts are reported, such as Pt, 34 Ru, 35,36 Re, 37 Rh, 38 Au, 39,40,41 Ag. 21,42,43,44,45 But, it is also possible to find examples of non-noble transition metal catalysts, such as Cu, [START_REF] Conesa | Comparative study of Cu, Ag and Ag-Cu catalysts over graphite in the ethanol dehydrogenation reaction: Catalytic activity, deactivation and regeneration[END_REF][START_REF] Mitsudome | Copper nanoparticles on hydrotalcite as a heterogeneous catalyst for oxidant-free dehydrogenation of alcohols[END_REF][START_REF] Damodara | Copper nanoparticles from copper aluminum hydrotalcite: an efficient catalyst for acceptor-and oxidant-free dehydrogenation of amines and alcohols[END_REF][START_REF] Zhu | Copper nanoparticles on dichromium trioxide: a highly efficient catalyst from copper chromium hydrotalcite for oxidant-free dehydrogenation of alcohols: Nano-copper particles from hydrotalcite for alcohol dehydrogenation[END_REF] Ni, [START_REF] Shimizu | Acceptor-free dehydrogenation of secondary alcohols by heterogeneous cooperative catalysis between Ni nanoparticles and acid-base sites of alumina supports[END_REF][START_REF] Chen | Promoted synergic catalysis between metal Ni and acid-base sites toward oxidant-free dehydrogenation of alcohols[END_REF] and Co, 10 being active for this reaction. Moreover, some heterogeneous unsupported nanoparticles have also been studied, like Re NPs, 5 Mo2N, [START_REF] Li | Mo2N nanobelts for dehydrogenation of aromatic alcohols[END_REF] Mo2C. [START_REF] Leng | N-Doped carbon encapsulated molybdenum carbide as an efficient catalyst for oxidant-free dehydrogenation of alcohols[END_REF] Unsupported metal nanoparticles are considered as a new (sub)class of heterogeneous catalysts. Due to their unique properties (e.g. metal-ligand cooperation), they are thought to be good candidates to improve activity and/or selectivity of the reaction.

As it can be seen, variety of metals has already been tested in AAD reaction. Based only on the amount of publications Ag and Cu catalysts seem to be the most investigated. However, this does not necessary mean that they are the most active and/or selective catalysts.

To compare the performance of different catalysts, at first, the reaction conditions in which they were tested have to be scrutinized. Also, the attention has to be paid if they were appropriate for the reaction to adapt acceptor-less mechanism. This will be done in part 1.1.2.

of this Chapter. Most of the catalysts were tested towards the dehydrogenation of a broad range of alcohols. Secondary and primary, aromatic and aliphatic alcohols were used as substrates. The comparison of their activity and selectivity will be done in part 1.1.3. In many of the reports the importance of the nature of support and/or size of NPs are highlighted.

Their influence and connection with the reaction mechanism will be discussed in the second part of this chapter, in a context of understanding and improving catalytic performance.

Reaction conditions

The catalytic test conditions used for the liquid-phase acceptor-less alcohol dehydrogenation are gathered in Table 1.1. When comparing them, it can be noticed that there are five popular solvents for the reaction: o-xylene, p-xylene, toluene, dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). With o-xylene (boiling point 144℃) and toluene (b.p. 110℃) the reaction is usually performed at the boiling temperature of the solvent. For p-xylene, DMF and DMSO the reaction temperature is lower (by 10℃ to 70℃) than the boiling temperature of the solvent (b.p. 138℃, 153℃ and 189℃, respectively). Also, one example in H2O (reaction temp. 100℃) and one in solvent-free conditions (reaction temp. 180℃) can be found. For all of them the reaction temperature is exceeding 100℃, what is dictated by the thermochemistry of the reaction.

To assure the acceptor-less conditions, an inert atmosphere (Ar or N2) is introduced in the reactors. According to the reports, usually it is a steady inert atmosphere and not often a flow of inert gas. In many cases it is not reported if the reactor and the reaction mixture were purged with the inert gas before the experiment, which implies that some air might still be remaining. Moreover, H2 production is checked in only half of the cases, which questions the proceeding of acceptor-less reaction, and implies the possibility of oxidation reaction. As it was shown at the beginning of the Chapter, in addition to the corresponding carbonyl product, H2O molecule is formed as a by-product during oxidation. This reaction is strongly exothermic, what makes it favored over dehydrogenation. For example, oxidation of ethanol (EtOH, CH3CH2OH) with O2, leading to the formation of acetaldehyde (CH3CHO) and H2O, has ∆H 298K = -259.2 kJ mol -1 , ∆S 298K = 63.3 J mol -1 K -1 , and hence ∆G 298K = -278.1 kJ mol -1 (values are established based on the heat of formation for the substances, taken from chemical tables). [START_REF] Weast | Handbook of chemistry and physics[END_REF] In contrast, the ∆G 298K is > 0 kJ mol -1 for the dehydrogenation of alcohols. Up to date, all the reported reactions were conducted in the solution volume not exceeding 10 mL of liquid, therefore they can be considered as small-scale reactions.

Liu et al. 21 conducted an interesting study, dealing with the influence of the reaction atmosphere on the acceptor-less benzyl alcohol dehydrogenation over Ag/γ-Al2O3, to establish the adapted reaction mechanisms in the presence of different mixtures of gases.

The reactions were conducted at 120℃, in 5.0 mL of p-xylene, in a 25 mL round-bottomed flask equipped with a vapor condenser. In the first experiment the vapor condenser was open to air, and the obtained conversion was >99%. In the second experiment O2 was bubbled through the reactor (2 mL min -1 ), and again the obtained conversion was >99%. In the third experiment conducted with constant flow of inert gas (N2, 4 mL min -1 ) through the reactor, the obtained conversion was only 13%. When the flushing with N2 was started 30 min before the reaction, only traces of desired benzaldehyde were observed. This led to the conclusion that the reaction atmosphere is very important for the catalytic performance. If the inert atmosphere is assured, and no hydrogen accepting molecule is present in the reaction environment, the alcohol dehydrogenation takes place via an acceptor-less route. However, when even traces of O2, being H2 acceptor, are present in the reaction environment, the reaction mechanism changes into oxidation, which is thermodynamically favored over dehydrogenation. Therefore, the H2 production monitoring during the reaction is of great importance, as it proves the adapted reaction mechanism. -not available 1 -refers to the Ni content in the whole sample 2 -the Mo2C and Mo content in the catalyst was not determined, hence, the determination of substrate-metal ratio is not possible 3 -determined by coupling the reaction with hydrogenation of 1-decene Table 1.2. Yields of carbonyl products obtained in the dehydrogenation of primary and secondary alcohols over varied heterogeneous catalysts.

The results are gathered only for the systems for which the H2 production was confirmed. Aiming at dehydrogenating biomass-derived polyalcohols, we need to ensure a good selectivity either in secondary alcohol or in primary alcohol, and to avoid the formation of complicated product mixtures through secondary reactions. Most catalytic tests in the past years have been focusing on monoalcohols, which will provide a first insight into catalysts performance, as we will see later in this subsection. We will focus more specifically on the few studies on diols in the next part.

Entry

As it was described in the previous section 1.1.2, supported and unsupported metal catalysts were tested towards alcohol dehydrogenation, but the H2 production was not confirmed for some catalytic systems. And by this, the acceptor-less alcohol dehydrogenation mechanism is not proved for them. Therefore, only the examples for which it was checked are chosen to compare the activity and selectivity, and the corresponding results are collected in Table 1.2.

It can be seen that usually the catalysts exhibit better activity towards dehydrogenation of aromatic alcohols. Their activity towards primary and secondary aromatic alcohols dehydrogenation is usually better for secondary alcohols (entries 3-5 in Table 1.2) and the same trend is observed for aliphatic alcohols (entries 3-8 in Table 1.2). Usually for aliphatic alcohols the difference in activity is significant and we can say that the catalysts are chemoselective towards secondary alcohols dehydrogenation vs primary alcohols. Very good examples of such behavior are Ni/θ-Al2O3 supported catalyst and Re unsupported NPs, for which the yields of ketones are over 70% and yields of aldehydes are under 5%.

Table 1.4. Thermochemical data for the dehydrogenation reaction of chosen alcohols.

The reaction enthalpies, entropies and Gibbs free energies are calculated based on the enthalpies and entropies of formation for appropriate species, available in NIST database.

Reaction

∆H 298K (kJ mol -1 ) ∆S 298K (J mol -1 K -1 ) ∆G 298K (kJ mol -1 ) T at which ∆G = 0 (℃) 67 

176

In Table 1.4 the thermochemical data for dehydrogenation of chosen alcohols are collected.

Based on them, the preferential dehydrogenation of aromatic alcohol over aliphatic alcohol can be explained by value of reaction enthalpy, which indicates the better stability of aromatic aldehyde vs aliphatic aldehyde. Even though the entropy value for dehydrogenation of benzyl alcohol is lower than for dehydrogenation of 1-propanol, the difference is not large enough to reverse the activity trend. While comparing the dehydrogenation of primary vs secondary aliphatic alcohol, it also can be clearly seen that the activity difference results from the reaction enthalpies. Obtained ketone (2-octanone) is more stable than aldehyde (octanal), what is in favor of secondary alcohol dehydrogenation.

Cyclic and linear molecules are among the tested secondary aliphatic alcohols. For cyclic alcohols, the size of the ring can influence their reactivity. According to the results of Shimizu [START_REF] Shimizu | Acceptor-free dehydrogenation of secondary alcohols by heterogeneous cooperative catalysis between Ni nanoparticles and acid-base sites of alumina supports[END_REF] using Ni/θ-Al2O3, when cyclooctanol, cycloheptanol and cyclohexanol were tested as substrates, longer reaction times of 3 h, 24 h and 72 h, respectively, were required to achieve conversions over 90%. Considering the linear aliphatic alcohols, the position of hydroxyl group in some cases can influence the reactivity of the molecule. It was observed for Co/TiO2 10 catalyst that 4-octanol was dehydrogenated more efficiently than 2-octanol (98% vs 85% of conversion, respectively). However, it was not the case for Pt/Al2O3 34 catalyst, as under the same reaction conditions, 4-octanol and 2-octanol were dehydrogenated with almost the same efficiency (86% vs 84% of conversion, respectively).

OH O + H 2 OH O + H 2 + H 2 OH O
In general, the catalytic activity strongly depends on the alcohol used as a substrate. Similarly, the selectivity is sensitive to the type of alcohols. For secondary alcohols, the reported selectivity is always good (>75%) to excellent (>99%) towards the desired ketone, while for primary alcohols, the selectivity towards the aldehyde varied from 40% to >99%, depending on the catalyst. The formed by-products usually are not identified. However, for example for dehydrogenation with Re NPs, they were recognized as coming from aldol condensation reaction (condensation reaction with C-C bond formation) and this will be discussed later in part 1.1.5 of this Chapter.

1-octanol and 2-octanol are often chosen as model primary and secondary linear aliphatic alcohols. As dehydrogenation of aliphatic alcohols is more hindered in comparison with aromatic alcohols, the comparison of catalysts activity towards their dehydrogenation will elucidate their relative activity. Also, the alcohols are good first choice molecules to determine the catalysts selectivity, and further test the chosen catalyst toward biomass-derived aliphatic linear polyalcohols. The results for 1-octanol and 2-octanol dehydrogenation with different catalysts were collected in Table 1.3. In agreement with previous observations on a wide range of alcohols, the activity towards 2-octanol dehydrogenation (>50% of yield) is systematically better that the activity towards 1-octanol when considered (yields under 20%). Due to the very differentiated reaction conditions it is not straightforward to determine the most active catalyst. Nevertheless, it can be stated that Co/TiO2 catalyst is more chemoselective than Ag/HT and Ag/Al2O3, based on the ratio of activities towards different alcohols dehydrogenation (yield of 2-octanone to yield of octanal). Hence, it is a good candidate for polyalcohol dehydrogenation, even though it is not the most active catalyst. The available reports of diol dehydrogenation will be discussed in the following part.

Dehydrogenation of diols

Dehydrogenation of diols is one step closer to the dehydrogenation of biomass-derived polyalcohols. They possess 2 OH functional groups, which can be primary and/or secondary, and differently separated from each other. Hence, they are more complex molecules than monoalcohols. In the literature, examples of diols dehydrogenation with heterogeneous catalysts in liquid phase are scarce. To the best of our knowledge only 6 reports are available, 22,36,44,[START_REF] Vu | Homogeneous and heterogeneous catalytic (dehydrogenative) oxidation of oleochemical 1,2-diols to αhydroxyketones[END_REF][START_REF] Sato | Synthesis of α-hydroxy ketones from vicinal diols by selective dehydrogenation over Ir-ReOx/SiO2 catalyst[END_REF][START_REF] Tamura | Transformation of diols to ketones via intramolecular borrowing hydrogen mechanism[END_REF] among which 2 were already discarded, as the acceptor-less mechanism was not confirmed for them. 36,44 Both Sato et al. [START_REF] Sato | Synthesis of α-hydroxy ketones from vicinal diols by selective dehydrogenation over Ir-ReOx/SiO2 catalyst[END_REF] and Tamura et al. [START_REF] Tamura | Transformation of diols to ketones via intramolecular borrowing hydrogen mechanism[END_REF] Three different aliphatic vicinal diols were tested with the Ir-ReOx/SiO2 catalyst:

1,2-cyclohexanediol, 2,3-butanediol and 1,2-butanediol. The main reaction product was α-hydroxyketone, but monoketone, monoalcohol and alkane were also observed (Figure 1.3).

Their formation will be discussed in the following section of this Chapter, dedicated to the by-products formation. The two first diols possess two secondary OH group, and dehydrogenation of any of them was leading to the same carbonyl product (Figure 1.3, entry 1 and 2). However, as 1,2-butanediol possesses primary and secondary hydroxyl group, its dehydrogenation could have led to different products. As it was observed, only the secondary OH group was dehydrogenated, whereas primary one was preserved (Figure 1.3, entry 3). It is in agreement with the activity towards primary vs secondary alcohol dehydrogenation, described in previous section. What is also worth to notice, the conversions were under 20%, and the obtained selectivity to hydroxyketone was better in the case of linear alcohols. As it was already mentioned, the aim of the investigations of Tamura et al. was to obtain monoketones from vicinal diols by hydrogen borrowing strategy. [START_REF] Tamura | Transformation of diols to ketones via intramolecular borrowing hydrogen mechanism[END_REF] They tested different metal catalysts supported on SiO2. In the reaction with 2,4-pentanediol Pt/SiO2, Pd/SiO2, Ru/SiO2, Ir/SiO2 and Ru/C occurred to be more selective towards α-hydroxyketone than towards monoketone (36-59% selectivity). Among them the most active occurred to be Ru/C, giving 68% of conversion (with the selectivity to hydroxyketone of 57%), while for the other catalysts the conversion was <20%.

All in all, as the above two examples illustrated, it was possible to dehydrogenate alcohol in closed system. However, as the reactor was pressurized and H2 was not removed from the reactor, it was accelerating the subsequent reactions, leading to the by-products formation.

Vu et al. [START_REF] Vu | Homogeneous and heterogeneous catalytic (dehydrogenative) oxidation of oleochemical 1,2-diols to αhydroxyketones[END_REF] and Guicheret at al. 22 used other reaction conditions for the dehydrogenation of diols. The catalytic tests were performed under solvent-free conditions, at 160-180℃, and the produced H2 was removed from the reactor by reducing the pressure (to 0.1 atm. and 0.01 atm, respectively). In the first paper, oleochemical 1,2-diols were dehydrogenated with commercially available Pd, Pt and Ru catalysts. The first screening in the reaction with 9,10-dihydroxyoctadecanoate allowed to determine Ru/C as the most active catalyst, whereas Pd and Pt catalysts were not active. The chosen catalyst was also active in the dehydrogenation of oleochemical 1,2-diols with different functionalities. The obtained conversions were ranging 50-99% with the selectivities towards α-hydroxyketone of 81-92%.

As a by-product monoketone, coming from dehydration reaction, was observed (Figure 1.4). In the second paper, Guicheret at al. 22 studied dehydrogenation of 1,2-diols over 64 wt% Ni/SiO2. 22 The catalyst occurred to be very active towards fatty-alcohol derived vicinal diols, giving conversions of 87-93%, with selectivity to α-hydroxyketone of 88-90%. Diketone and monoketone were observed as by-products. In the dehydrogenation of cyclic aliphatic diol, the activity was dependent on the ring size. For the C12-ring diol (1,2-cyclododecanediol), which is not under strong steric tension, the conversion was equal to 82%, whereas for diol with C6 ring (1,2-cyclohexanediol) the conversion was equal only to 10%. Such dependency between the activity and the size of the carbon ring was already noticed in the dehydrogenation of monoalcohols. In the catalytic test with linear aliphatic diol (1,2-octanediol) the conversion was equal to 25%, what is much lower than result for the fattyalcohols derived diols. Also, the selectivity towards α-hydroxyketone in the dehydrogenation of linear aliphatic diol was lower than in the dehydrogenation of fatty-alcohol derived diols (60% vs 88-90%, respectively). This may result from the activation of molecule by the presence of ester groups in fatty alcohols. To better understand the activity and selectivity of 1,2-octanediol dehydrogenation, the catalytic tests with 1-octanol and 2-octanol were conducted. The catalyst occurred to be highly active towards secondary monoalcohol (99% of conversion and 99% selectivity), and not active towards primary monoalcohol dehydrogenation (1-2% conversion). Hence, it showed the excellent chemoselectivity towards dehydrogenation of secondary monoalcohol vs primary monoalcohol. It was in good agreement with 1,2-octanediol dehydrogenation, for which secondary OH group was dehydrogenated preferentially over primary OH group (no product of primary OH group dehydrogenation was reported).

Even though scarce, the available examples of diol dehydrogenation demonstrate that conducting the reaction in closed system is possible, but accelerates the secondary product formation, hence diminishing the amount of desired hydroxyketone product. While H2 is removed from the reactor, the selectivity is significantly improved. Considering the chemoselectivity in diol dehydrogenation it was demonstrated that a secondary OH group is preferentially dehydrogenated over a primary hydroxyl group. As was shown on the example of 1,2-octanediol, 1-octanol and 2-octanol, it could have been deduced based on the reactions with monoalcohols.

Side reactions in acceptor-less alcohol dehydrogenation

The main, expected product in the dehydrogenation of mono-and polyalcohols is the corresponding carbonyl product. However, the formation of some small amounts of by-products is also observed. In the following paragraphs, the formation of side substances in the reactions of monoalcohols and diols will be discussed.

The by-products formed during the monoalcohol dehydrogenation in liquid phase are not often identified. However, while they are, they are ascribed to come from the aldol condensation reaction. 5 Moreover, the experimental and theoretical (DFT) results of 1,3-propanediol deoxygenation (involving propanol hydrogenation-dehydrogenation in the reaction network) with Cu supported catalyst showed that also the esterification reaction is possible. [START_REF] Sad | Formation of C-C and C-O bonds and oxygen removal in reactions of alkanediols, alkanols, and alkanals on copper catalysts[END_REF][START_REF] Neurock | Theoretical insights into the sites and mechanisms for base catalyzed esterification and aldol condensation reactions over Cu[END_REF] Both of these reactions belong to the family of hydrogen transfer reactions. 23,[START_REF] Corma | Advances in one-pot synthesis through borrowing hydrogen catalysis[END_REF] The strategy involves three consecutive transformations:

(1) Dehydrogenation of hydrogen donating molecule (e.g. alcohol, amine, alkane), 
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The formation of new C-O bond is also possible in the dehydrogenative coupling sequence of reactions. 23,[START_REF] Corma | Advances in one-pot synthesis through borrowing hydrogen catalysis[END_REF] It starts with the dehydrogenation of alcohol molecule (Figure 1.6). When primary alcohols are used as substrate, the coupling between aldehydes takes place, leading directly to ester formations (Tishchenko reaction). Per one molecule of ester, two H2 molecules are liberated. To the best of our knowledge no report is describing the esterification coupling between two secondary alcohol molecules. But in our opinion, such possibility, in the presence of metal catalyst cannot be excluded. In the literature some examples of metal catalyzed aldol condensation [START_REF] Corma | Advances in one-pot synthesis through borrowing hydrogen catalysis[END_REF][START_REF] Hamid | Borrowing hydrogen in the activation of alcohols[END_REF] and esterification [START_REF] Hamid | Borrowing hydrogen in the activation of alcohols[END_REF] reactions are available. For both of them, it was shown that the acid-basic properties are important for the catalyst activity. Aldol condensation was favored with the basic supports (Cu/HT and Pd/HT), [START_REF] Onyestyák | Acetone alkylation with ethanol over multifunctional catalysts by a borrowing hydrogen strategy[END_REF] what allowed to avoid the basic additives reported for other catalysts. [START_REF] Yamada | Development of a convoluted polymeric nanopalladium catalyst: α-alkylation of ketones and ring-opening alkylation of cyclic 1,3-diketones with primary alcohols[END_REF][START_REF] Cho | Pd/C-Catalyzed oxidative alkylation of secondary alcohols with primary alcohols[END_REF][START_REF] Carlini | Selective synthesis of isobutanol by means of the Guerbet reaction[END_REF] The esterification reaction was reported to be preferred on the catalysts with support possessing basic (Pt/SnO2) [START_REF] Moromi | Acceptorless dehydrogenative coupling of primary alcohols to esters by heterogeneous Pt catalysts[END_REF] or amphoteric properties (Cu/ZrO2). [START_REF] Miura | Concerted functions of surface acidbase pairs and supported copper catalysts for dehydrogenative synthesis of esters from primary alcohols[END_REF] Moreover, as Sad et al. [START_REF] Sad | Formation of C-C and C-O bonds and oxygen removal in reactions of alkanediols, alkanols, and alkanals on copper catalysts[END_REF] and Neurock et al. [START_REF] Neurock | Theoretical insights into the sites and mechanisms for base catalyzed esterification and aldol condensation reactions over Cu[END_REF] showed, the reactions can proceed with the involvement of metal exclusively. The electronic properties of adsorbates (reaction intermediates) can change the properties of the surface, due to electron withdrawing abilities from the metal surfaces, and hence facilitate the aldol condensation and esterification reactions.
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The by-products are also reported for the dehydrogenation of diols, however they origin is different. As it was schematically shown by Sato et al. [START_REF] Sato | Synthesis of α-hydroxy ketones from vicinal diols by selective dehydrogenation over Ir-ReOx/SiO2 catalyst[END_REF] (Figure 1.7), after the hydroxyketone is formed, it can undergo the subsequent dehydration-hydrogenation reactions, which leads to the monoketone product. Further, the monoketone can be hydrogenated, what will result in the formation of monoalcohol. Ir-ReOx/SiO2 catalyst. [START_REF] Sato | Synthesis of α-hydroxy ketones from vicinal diols by selective dehydrogenation over Ir-ReOx/SiO2 catalyst[END_REF] For diol dehydrogenation over Ni/SiO2 catalyst 22 the formation of diketone as a by-product is additionally reported. It results from the dehydrogenation of second OH group. But its formation was not observed while the second OH group in diol was primary OH -it was not dehydrogenated. Instead, larger amount of monoalcohol, from dehydration reaction was notified as side product.

There are not enough examples of diol dehydrogenation to assess the influence of catalysts structural parameters on the by-product formation. Nevertheless, the conclusion can be made that the presence of H2, formed in the dehydrogenation reaction, favors the formation of side products in sequential reaction.

Towards the understanding of catalytic activity

To achieve better catalytic performance, the understanding of the influence of different structural parameters of catalyst, together with the comprehension of reaction mechanism, is necessary. The effect of: the type of metal by itself, nanoparticles size effect, influence of the support nature, type of exposed facets (shape effect), and the surface ligands will be discussed in the following parts. The dominant influence of a given parameter will be described on the chosen examples. However, what has to be kept in mind is that the catalyst possesses all its structural parameters at the same time, and even though one of them is usually the most decisive for the catalytic activity, the other parameters cannot be totally forgotten.

The understanding of the role of catalysts structural parameters is possible by (combining) different techniques: catalytic tests, material characterization, DFT computations. They allow to identify the most relevant sample parameter, but also to make conclusions about the tendencies of the change of given feature and outline the path for improvement. 3). In the literature, reports about activity of: Pt, [START_REF] Loffreda | Tuning catalytic reactivity on metal surfaces: Insights from DFT[END_REF][START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF][START_REF] Garcı́a-Muelas | Density Functional Theory comparison of methanol decomposition and reverse reactions on metal surfaces[END_REF][START_REF] Wang | Selectivity of direct ethanol fuel cell dictated by a unique partial oxidation channel[END_REF] Pd, [START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF][START_REF] Garcı́a-Muelas | Density Functional Theory comparison of methanol decomposition and reverse reactions on metal surfaces[END_REF][START_REF] Wang | Density Functional Theory studies of the structure sensitivity of ethanol oxidation on palladium surfaces[END_REF] Rh, [START_REF] Loffreda | Tuning catalytic reactivity on metal surfaces: Insights from DFT[END_REF][START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF][START_REF] Caglar | The effect of C-OH functionality on the surface chemistry of biomass-derived molecules: ethanol chemistry on Rh(100)[END_REF][START_REF] Michel | C-H versus O-H bond dissociation for alcohols on a Rh(111) surface: a strong assistance from hydrogen bonded neighbors[END_REF] Ru, [START_REF] Garcı́a-Muelas | Density Functional Theory comparison of methanol decomposition and reverse reactions on metal surfaces[END_REF] Ir, [START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF] Au, [START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF] Ag, [START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF] Cu, [START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF][START_REF] Garcı́a-Muelas | Density Functional Theory comparison of methanol decomposition and reverse reactions on metal surfaces[END_REF][START_REF] Hoyt | Anhydrous methanol and ethanol dehydrogenation at Cu(111) step edges[END_REF] Ni 69 and Co [START_REF] Syu | The chemical origin and catalytic activity of coinage metals: from oxidation to dehydrogenation[END_REF][START_REF] Ma | Ethanol reforming on Co(0001) surfaces: a Density Functional Theory study[END_REF] are available.

Insight into metal activity

To assess the catalytic activity of different metals for the same reaction, two types of energies have to be compared: adsorption energies of reaction species and activation energies for bond dissociations. [START_REF] Medford | From the Sabatier principle to a predictive theory of transition-metal heterogeneous catalysis[END_REF]78,79 The adsorption should not be too weak, as in such case the contact time between the molecule and the surface may be not long enough for the transformation to occur. It cannot be also too strong, as in such case the blocking of catalysts active sites takes place. For the activation energy, the lower it is, the easier it is for the molecule to undergo the elementary reaction.

Every catalytic cycle starts with the contact between substrate and catalyst surface. Therefore, To compare the performance of different metal surfaces the calculations should be performed
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on the same computational level (i.e. with the same functional and dispersion correction), and the energy reference state should be the same for them (i.e. the adsorption energy can be referred to the sum of energy of given species in gas phase and pure surface, or to the energy of substrate in gas phase and surface). Two studies in which the reaction pathways were computed for few elements were chosen to compare the activities of different metals, and they will be discussed in the following paragraphs.

Garcia-Muelas et al. [START_REF] Garcı́a-Muelas | Density Functional Theory comparison of methanol decomposition and reverse reactions on metal surfaces[END_REF] All in all, according to the computational results, Cu, Ag and Au are expected to be inert in direct (acceptor-less) alcohol dehydrogenation. However, this is not in agreement with the experimental results (see Table 1.2 for comparison). Therefore, it can be suspected that other factors are responsible for the catalyst activity, like the size of metal nanoparticles and/or nature of support, which will be discussed in the following parts of the Chapter.

On the other hand, the metals such as Co and Ni, are predicted to be endangered by blocking of active sites by the reaction intermediates and by this their activity is supposed to be suppressed. Apparently, it does not take place, as they are reported as being active.

In the calculations, the entropy correction was not included (energies are reported as electronic energies, not Gibbs Free Energies), what is the reason of predicted overstabilization of species. From the computational side, it was shown by Michel et al. [START_REF] Michel | C-H versus O-H bond dissociation for alcohols on a Rh(111) surface: a strong assistance from hydrogen bonded neighbors[END_REF] that the β-CH and α-CH bond breaking from EtOH molecule on Rh(111) surface, require the same energy input and lead to the intermediates of similar stability. Hence, they can be assessed as occurring with very similar probability. The above results suggest that the reaction mechanism involving β-CH bond breaking may be preferred on some of the metals, and should not be forgotten. 

Despite

Effect of NPs size and support

As it was stated in the previous part 1.2.1, the metal activity predicted by DFT calculations for Au, Ag and Cu does not agree with the activity observed experimentally. This implies the participation of other factors, like NPs size and/or support in the activity. They may be concomitantly involved, if the reaction occurs on the metal-support interface. It is very challenging to disentangle these two parameters. To assess it properly, the support effect should be compared for the NPs of similar size, and the size effect should be compared for the samples of the same metal content and total surface area of samples. In the following paragraphs the two effects will be discussed.

The metal atoms exposed on the corners, edges and terraces of a NP are differently coordinated. The lower coordinated atoms are considered to be more active than the ones more coordinated. Hence, the corner and edges atoms are expected to be more active than the terrace atoms, what was shown already for the CO oxidation. 81,82 The amount and ratio between them depend of the NP size. The bigger it is the more of the terraces and the less of the edges and corners occurs.

Acceptor-less dehydrogenation of benzyl alcohol, with Au/HT catalysts, is reported as sensitive to the size of metal NPs. 41 The investigated catalysts possess NPs of size ranging from 2.1 nm to 12 nm, with the same Au loading of 0.4 wt%. According to the catalytic tests results, the reaction rate per surface Au atom was decreasing with increase of the size of metal NPs.

This behavior was ascribed to the differences in the activity of different types of metal atoms in the NP. According to the calculated optimal intrinsic reaction rates, the corners and edges (reaction rates 1016 mmol molAu -1 s -1 and 795 mmol molAu -1 s -1 , respectively) were responsible for the catalytic performance, while the contribution of terraces was negligible (reaction rate 5 mmol molAu -1 s -1 ).

Kon et al. 34 also investigated NPs size effect for the activity of 5 wt% Pt/Al2O3 catalyst in acceptor-less alcohol dehydrogenation. The NPs size was varied by the treatment of samples at different temperatures, ranging from 500℃ to 670℃, what resulted in the formation of NPs of 1.4-12 nm in diameter. According to the obtained TOF (turnover frequency) values, the larger were the NPs the lower was the activity. This is in agreement with the just described findings for Au/HT.

However, the effect of NPs size does not exclude the effect of support. The influence of support nature was investigated in many reports concerning alcohol dehydrogenation. 34,37,39,40,45,[START_REF] Mitsudome | Copper nanoparticles on hydrotalcite as a heterogeneous catalyst for oxidant-free dehydrogenation of alcohols[END_REF][START_REF] Shimizu | Acceptor-free dehydrogenation of secondary alcohols by heterogeneous cooperative catalysis between Ni nanoparticles and acid-base sites of alumina supports[END_REF]10 The most active occurred to be: Pt/γ-Al2O3, Re/Al2O3, Au/HT, Ag/Al2O3, Cu/HT, Ni/θ-Al2O3, Co/TiO2. It can be noticed that for Au and Cu the most appropriate was basic hydrotalcite (HT), whereas for the remaining metals the use of supports Proposed reaction mechanism for alcohol dehydrogenation with Pt/γ-Al2O3. 34 It is proposed that the reaction starts with the interaction of OH group from alcohol with the acid-basic site of support. O interacts with positively charged acidic site (e.g. Al δ+ ), whereas H interacts with negatively charged basic site on the support (e.g. Al-O δ-). 34 This results in dissociation of H atom from alcohol molecule, and creation of alkoxy reaction intermediate. In the following, rate limiting step, α-CH interacts with metal nanoparticle (e.g. Pt 0 ), 34 and another H atom is separated from the substrate species, leading to the formation of corresponding carbonyl product. As the final stage of the reaction, H atom present on the support surface and H atom present on the metal surface, combine into H2 molecule, which is the second reaction product. Such mechanism justifies the necessity of the basic support properties, which are enhancing the catalytic performance.

The presence of the catalyst support is usually not taken into consideration in DFT computations, due to high computational demands. Nevertheless, the example of such modeling, with reaction proceeding on the interface between oxide support and metal nanoparticle, can be found in the literature for Ni/θ-Al2O3. 83 The computations were performed with PBE functional, and no dispersion correction was applied. iPrOH dehydrogenation (through alkoxy pathway) was modeled at first only on Ni cluster composed by 13 atoms, and subsequently on Ni13 cluster, adsorbed on θ-Al2O3(010) surface.

The corresponding energy profiles are presented on Figure 1 

Shape effect

Different crystallographic facets can exhibit different activity in a given reaction.

To fundamentally understand their performance, the materials with well-defined surfaces are needed. The investigations with single crystals may give some insight into it. Certain works were done also for light alcohols (EtOH, PrOH). 84,85,86,87 But as the experiments were performed under very low substrate pressure and with perfect crystals, they may not correlate properly with the real experiments. 88 Nowadays, it is possible to obtain metal NPs with well-defined shapes, which expose different (but determined) crystallographic facets, and can be used in the catalytic tests. To the best of our knowledge, the activity of shape-defined NPs was not investigated yet towards the acceptor-less alcohol dehydrogenation. Hence, the influence of the type of exposed facet on the catalyst activity and selectivity will be described on the chosen experimental examples of other reactions. However, DFT modeling of alcohol dehydrogenation on different type of surfaces was already reported.

The differences in their activity will be discussed on such calculation examples. In the oxidation of styrene, nanocubes were more active than near-spherical NPs (~4 times more active), and platelets (~14 times more active). Selectivity was not influenced by the shape of NPs. The factor which could be decisive for the catalytic activity of samples was

(a) (b) (c) (d)
the type of exposed surfaces. As it is considered that the facets with higher surface energies are more active, 90 therefore (100) surface is supposed to be more active than (111) facet.

For better comparison, the activity was expressed by specific reaction rate, equal to the ratio between amount (in mol) of converted styrene to the surface area of Ag NPs. This comparison clearly showed that the nanocubes possessing (100) facets were outperforming the NPs with (111) surfaces exposed, what agreed with the catalytic tests results. The specific reaction rates were equal to 9.53•10 -3 mol m -2 h -1 for nanocubes, 1.98•10 -3 mol m -2 h -1 for near spherical NPs, and 0.66•10 -3 mol m -2 h -1 for platelets. This confirmed the importance of the type of exposed surface for the catalytic activity, and by this the significance of NPs shape.

The example of selectivity conditioned by the type of exposed crystallographic facet was investigated for benzene hydrogenation by Bratlie et al. 91 The Pt NPs were prepared by reducing aqueous solution of metal precursor (K2PtCl4) and capping agent (TTAB - The reaction was considered as proceeding via alkoxy pathway. (For the obtained energy profiles see Figure 1.15) Among the reaction species, the alkoxy intermediate is adsorbed stronger than alcohol and aldehyde molecules, therefore, it is the most stable species among the reaction pathway. As it was observed, the adsorption strength for all the reaction species on steps is larger than on terrace (111) side (by ~0. (111) step (blue), and (100) step (red). [START_REF] Hoyt | Anhydrous methanol and ethanol dehydrogenation at Cu(111) step edges[END_REF] Comparison between energetic profiles of MeOH and EtOH dehydrogenation suggested that OH bond scission activation energy was not influenced by the length of alcohol. Therefore, similar activation energies for this bond breaking are expected for alcohols with longer alkyl chains. On the other hand, the OH-CH bond breaking activation energy for ethoxy intermediate was lower than for methoxy intermediate (by 0.08-0.15 eV, depending on the surface), suggesting its facilitation for longer alcohols. However, the adsorption energies for EtOH dehydrogenation reaction species were higher than for MeOH, that may suggest a possible blocking of active sites for higher alcohols. Hence, the reaction conditions will have to be adjusted to improve the efficiency.

As just demonstrated, better catalytic activity and/or selectivity can be achieved with shaped metal NPs, exposing defined crystallographic facets. However, as it was mentioned, some capping agents are used in their synthesis, which also can influence the material activity, as they stay on the metal surface after the synthesis. This will be discussed in details in the following part.

Ligand effect

To rationally design the size, shape and morphology of metal nanoparticles (both supported and unsupported ones), different ligands can be used during the synthesis of catalysts. They can be for example: amines, 93 carboxylic acids, 94 thiols, 95,96,97,98 phosphines, 99,100 polymers. 93,100 They are considered mainly as stabilizers and growth rate regulators for various crystallographic facets. 101 But they can also modify the nature and concentrations of species consisting reservoir for (unsupported) NPs formation. 101,102 Additionally, the presence of ligands on the surface can modify catalysts activity and selectivity towards desired products.

The catalyst coverage with ligands is important for its performance in the reaction, as it was illustrated by Yoskamtorn et al. 98 Au25 clusters supported on porous carbon and protected with dodecanethiolate ligands (SC12H25), were tested in aerobic oxidation of benzyl alcohol.

The coverage with thiolate ligands was modified by calcination under vacuum -the longer the calcination was (2-4 h) and the higher the temperature was (400-500℃), the less ligands remained present on the catalyst surface. (For the calcination conducted at 500℃, for 4 h it became negligible.) The activity of catalysts was decreasing as the amount of ligands was increasing (from 98% conversion for Au25 -catalyst with negligible amount of ligands, to 0% conversion for Au25(SC12H25)18 -catalyst fully covered with ligands). However, the selectivity to the desired benzaldehyde was improved, as the amount of ligands on the surface was higher (see Figure 1.16 for illustration). The role of thiolate ligands present on the Au25 cluster surface is dual. From one side, they are blocking the catalytically active sites, and are reducing the oxidation ability of metal cluster, due to the electron withdrawal, what results in lower conversions. On the other hand, by the steric effect (site isolation), they are preventing the side reaction (esterification). There are three possible roles of ligands in binding of reactants and transition states: steric effect, orientation effect, and influence on surface charge state. 95 Steric effect can limit the adsorption and desorption of reaction species on a given plain surface, thus favoring the adsorption on edges and corners, where the density of ligands is lower. For structure sensitive reactions this effect can change the product selectivity. It was showed by Medlin et al. that hydrogenation of furfural can proceed in different ways depending on the thiol ligand. 96 When 1-octadecanethiol (C18) was used, the binding of furfural to surface was possible only on surface defects, like edges and corners. In this case reaction proceeded preferentially to furfuryl alcohol and methylfuran, with a combined selectivity to these products above 70%. In contrast, when the bulky cage 1-adamantanethiol was used, furfural could bind to the surface terraces lying flat on them. In this case, the selectivity of reaction was directed towards the formation of tetrahydrofuran and furan, with a selectivity >90%. In orientation effect the crowdedness of ligands can impose the steric hindrance. Hence, the binding of molecules with more complicated geometries and/or more functional groups, will be limited only to scope of positions. It also can cause the binding of molecules in restricted direction, while non-covalent interactions, like hydrogen bonding or π-π interactions, between surface ligands and reactants occur. The example of steric effect can be observed in hydrogenation of cinnamaldehyde occurring on Pt/Al2O3 coated by 3-phenylpropanethiol ligands. 97 As the structures of this thiol and aldehyde are similar, the aromatic rings of both substances can interact forming π-π bonds. Therefore, the bonding of aldehyde to the surface takes place only via aldehyde functional group. This leads to hydrogenation of cinnamaldehyde to cinnamyl alcohol (selectivity >90%), whereas hydrogenation of C=C in aldehyde is limited. As we saw in the two previous parts, the activity and/or selectivity of metal NPs can be influenced by their shape and the presence of ligands on the surfaces. They can have positive effect, improving the catalytic performance, or negative, hindering the activity of samples.

In practice, it may not be easy to distinguish their influence, as the shaped NPs are often covered with ligands. Therefore, it is important to precisely control the synthesis parameters to obtain catalysts of defined structural properties.

Approaching the acceptor-less alcohol dehydrogenation with shaped metal NPs

As described, many metals were tested towards acceptor-less alcohol dehydrogenation, among them Co/TiO2 catalyst. 10 It was also discussed that the type of exposed facet 89,91 and presence of surface ligands 95,97,98,103 

Co nanoparticles

in the range of 10-30 nm and the mean length in the range of 100-250 nm, depending on the other experimental conditions. It was also observed that the mean diameter slightly increases with increasing carboxylate chain length.

Basicity of the synthesis medium was likewise important for the control of nanoparticles shape. When concentration of NaOH was in the range of 0.02-0.10 mol L -1 the rods were formed. The mean diameter and mean length were decreasing with increasing the basicity.

With higher NaOH concentration, e.g. 0.20 mol L -1 , cubic nanoparticles were formed instead of rods.

Furthermore, the heating rate also influenced the morphology of NPs. The decrease from 7 ℃ min -1 to 3.5 ℃ min -1 caused the increase in the mean dimension of rods. The ratio between mean length and mean diameter decreased from 10 to 4. When the ramp was below 2 ℃ min -1 hexagonal platelets were formed instead of rods.

The synthesized rods possessed hexagonal close packed type of structure. On the other hand, hexagonal platelets crystallized in mixed hcp and fcc phases. The cubic nanoparticles were built of hcp and ε-Co phases.

The proposed mechanism of nanoparticle formation is as followed:

Cobalt precursor is solubilized in the basic reaction medium (the presence of OH -ions is required). As Co II species are present in the solution, the nucleation, initiated by the seeds of another metal, and growth may take place. When the growth rate was low, the formation of fcc and %-Co phases were favored, whereas when growth rate was high hcp types structures were formed. 

Synthesis of Co unsupported

Conclusions

Acceptor-less alcohol dehydrogenation is highly interesting reaction, as from alcohol corresponding carbonyl product and gaseous H2 are obtained exclusively. However, it has some limitations. It is not thermodynamically favored at room temperature, therefore, it has to be conducted in elevated temperature (over 100℃). Also, it requires inert atmosphere to adopt the acceptor-less mechanism. Hence, monitoring H2 production is of high importance.

However, it was not reported systematically. Better reaction performances can be achieved by removing the produced H2 from reactor, which can be done by decreasing the pressure or constantly flowing the gases through reactor.

Many heterogenous metal catalysts have been tested for monoalcohol dehydrogenation, among which noble and non-noble metals can be found. They all occurred to be more active towards dehydrogenation of aromatic alcohols vs aliphatic alcohols. And also, they showed better activity towards secondary alcohols dehydrogenation over primary alcohols, which is conditioned by reaction thermochemistry. Among the reported metals, Co appeared to exhibit good activity and selectivity, which makes it good candidate for dehydrogenation of our targeted diols and polyalcohols. Selectivity can be an issue in these reactions. In the case of monoalcohols, the observed by-products are coming from the aldol condensation and/or esterification reactions which can be followed by hydrogenation, leading to the formation of mixture of side substances.

Not much is reported considering catalytic dehydrogenation of diols. However, secondary OH group is usually dehydrogenated preferentially over primary OH group, leading to the formation of hydroxyketone. The by-products are then resulting from sequential dehydration -hydrogenation reactions, leading to monoketone and monoalcohol formation. Removing H2 from reactor hinders these side reactions.

To avoid trial-and-error approach in searching for active and selective catalysts, the understanding of the relation between their structural features and performance is indispensable. These relations can be established using DFT computations to determine the preferred reaction mechanism, and compare the activity of different metals. Oxophilic metals like Co and Ni are predicted to be active in the alcohol dehydrogenation, but they may be endangered by blocking of active sites by reaction intermediates. On the other hand, Au, Ag and Cu were predicted to be not active, which is not in agreement with the experimental observations, and implies the participation of support in the reaction mechanism. Another structural factor influencing the catalytic performance is the type and amount of exposed crystallographic facet. This was illustrated on the example of styrene oxidation and benzene hydrogenation. So far, no experimental studies about the activity of shaped NPs in alcohol dehydrogenation have been reported. But as it was shown by DFT calculations with Cu, the reaction is facilitated on open type and stepped surfaces in comparison with close packed facet. This suggests structure sensitivity of the reaction. It cannot be forgotten that different ligands are used during the preparation of shaped NPs, and they remain on their surface after the synthesis. Therefore, they can influence the samples activity and/or selectivity, as it was reported in the literature for benzyl alcohol oxidation, furfural, cinnamaldehyde and methylanisole hydrogenation.

Nowadays, it is possible to obtain unsupported shape Co NPs by polyol method. This metal is reported to be active in acceptor-less alcohol dehydrogenation. Moreover, during the synthesis of these unsupported NPs, they showed some activity towards the dehydrogenation of the diol, used as the solvent in the synthesis protocol. This inspired us to investigate the activity, and structure-activity relations of shaped Co NPs in acceptor-less dehydrogenation of mono-and polylacohols, which had not been done until now.

78. Kozuch 

: TiO2 P25 (62 m 2 g -1 , Degussa), TiO2 P90 (122 m 2 g -1 , Evonik), TiO2 DT51D (85 m 2 g -1 ,
Millenium Chemicals), TiO2 SGNH (117 m 2 g -1 , obtained thanks to the kindness of H.Mutin, J.Alauzun and M.Bouchneb from Institut Charles Gerhardt Montpellier; oxide synthesized by non-hydrolytic sol-gel method), TiO2 "home made" (121 m 2 g -1 , synthesized by sol-gel method), ZrO2 (137 m 2 g -1 , MEL Chemicals), C (1095 m 2 g -1 , size 40-80 μm, CECA ARKEMA), γ-Al2O3 (119 m 2 g -1 , Degussa), ZnO (16 m 2 g -1 , Alfa Aesar). All the catalysts contained 5 wt% of metal.

Typically, 4.75 g of support and 28.28 mL of precursor solution (0.15 mol L -1 ) and ultra-pure water (75 mL) were put into a flask and stirred for 2 h (600 rpm, room temperature).

The solution was then evaporated with rotary evaporator for 4 h (120 rpm, 50℃ H2O, p ~ 0.05-0.06 atm). To remove the remaining moisture, the catalyst was dried overnight at 80℃, under N2 flow. The obtained solid was crushed in order to homogenize it as a powder. The sample was subsequently calcined (air, 40 mL min -1 , 1 ℃ min -1 , 300℃, 1 h), reduced (H2, 40 mL min -1 , 1 ℃ min -1 , 400℃, 0.5 h) and passivated (1% v/v O2/N2, 50 mL min -1 , room temperature, 0.5 h). For Co/C the calcination step was omitted.

Synthesis of TiO 2 "home made"

TiO2 "home made" was synthesized by low temperature sol-gel method, 1 the procedure reported for the synthesis of high surface area TiO2 rutile. At first titanium isopropoxide (37.1 mL) was hydrolyzed by aqueous solution of HCl (2 mol L -1 ; 62.5 mL), under vigorous stirring, and then aged for 48 h at room temperature. Subsequently, polyethyleneglycol (used as porogen) was added to the solution, under vigorous stirring. The resulting mixture was evaporated with rotary evaporator (120 rpm, 30℃, p ~ 0.08 atm, 1.5 h → 120 rpm, 50℃, p ~ 0.06 atm, 1.5 h → 120 rpm, 70℃, p ~ 0.05 atm, 1.5 h), dried for 24 h under air in 110℃, and calcined under air flow at 400℃, for 2 h, with heating rate 2 ℃ min -1 . Such obtained support possessed specific surface area of 121 m 2 g -1 .

Synthesis of unsupported catalysts

The unsupported shaped nanoparticles were synthesized by our project partners from LPCNO in Toulouse and ITODYS in Paris, using adapted polyol method. 2 It consisted in reacting a cobalt 

Co nanoparticles

in the temperature of 250-300℃. The analysis was performed with an "Activa" Jobin Yvon apparatus, for which the detection limit is equal to 0.2 mg L -1 .

Specific surface area measurement

Specific surface area (SSA) is a feature of a substance, dependent on type of material, size of particles and their porosity. BET (Brunauer-Emmett-Teller) theory 3 is most commonly used to measure SSA and porosity of substances. The measurements are conducted with a gas, which is chemically inert for the investigated material (usually N2), at the boiling temperature of this given gas (for N2 -196℃).

The linear form of the BET isotherm equation is used to analyze the results collected during the measurements.

p p 0 V a (p 0 -p) = 1 V a C + (C-1) V m C p p 0 p -equilibrium pressure p0 -saturation pressure
Va -adsorbed gas quantity (e.g. in volume)

Vm -monolayer adsorbed gas quantity

C -BET constant

Knowing the volume of gas adsorbed in the first monolayer, at a given temperature, we know its amount (ngas). With this, it is possible to estimate the surface of the investigated material, by multiplying ngas with the surface occupied by one molecule of gas.

The measurements of specific surface area for supports, supported catalysts and some unsupported Co samples were conducted with ASAP 2020 apparatus. N2 was used as adsorbing gas, and the analysis were conducted at -196℃. Before the analysis, the supports and supported catalysts were desorbed for 3 h at 250℃ (heating rate 4 ℃ min -1 ) under high vacuum (p < 1.5•10 -5 atm). Whereas unsupported catalysts were desorbed for 12 h at 120℃

(heating rate 5 ℃ min -1 ), also under high vacuum (p < 1.5•10 -5 atm). The SSA measured in N2 physisorption experiment is marked as SSABET.

X-ray diffraction

X-ray diffraction is a non-destructive analytical technique, providing information on crystallography and composition of a solid sample. It is based on the observation of diffraction patterns coming from X-ray beam scattered by sample.

When monochromatic X-ray beam hits the surface of crystalline sample (sample with regular structure), the scattered rays undergo constructive and destructive interferences, called diffraction. Size and shape of the unit cell of the material determine the directions of diffraction. The kind and arrangements of atoms in crystal structure influence the intensity of diffraction waves. Usually powders are composed of many tiny crystallites, oriented in all possible directions. When such powder is placed in the beam of X-rays, the beam will detect all of the crystal planes. By changing the experimental angle systematically all the possible diffraction signals will be noticed.

The XRD measurements are performed with diffractometers. X-rays are generated by a cathode ray tube, filtered to produce monochromatic beam. After concentration, the rays are directed toward the sample, placed in a goniometer (allowing the rotation of the sample).

They undergo diffraction and are then detected, processed and counted. TGA-N2 measurements were performed with Mettler Toledo Thermobalance MX1 equipment.

For each measurement 5-15 mg of samples were placed in a 70 μL alumina crucible. The flow of gas (N2) was equal to 50 mL min -1 . Analysis was performed in the temperature range of 20-1000℃, with heating rate 10 ℃ min -1 .

TGA-H2 analysis was conducted with Setaram Setsys Evolution 12 apparatus, coupled with

Pfeiffer Omnistar mass spectrometer. For each measurement 20-40 mg of sample was placed in 100 μL platinum crucible. All the measurements were conducted under the flow of the mixture of 5% H2 and 95% of Ar, with total flow of 50 mL min -1 , in the temperature range of 25-600℃. Mass spectra were collected during the analysis for m/z = 2 (signal from H2), 14 

Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is an analytical technique allowing to study the crystallographic structure and features of a solid sample. Crystal structure, defects, grain boundaries, as well as chemical composition, can be investigated with it.

Three main parts of the apparatus can be distinguished. The first part consists of an electron gun, which is responsible for producing the highly energetic electron beam, and a condenser system, which focuses the beam onto the sample. Second part of the apparatus is an imageproducing system. It consists of objective lenses and projector lenses; the later ones focus the electrons which passed through the sample. The third part of microscope is an imagerecording system. It converts the electron beam into an image recognizable for human eye.

Usually it consists of a fluorescent screen, for focusing the image, and a digital camera, for permanent registration. Additionally, the system of vacuum pumps and power supplier are necessary to make the measurement possible.

The TEM measurements for supported Co catalysts were performed with JEOL 2010 apparatus, operating at an acceleration voltage of 200 kV, and equipped with an EDX (energy dispersive spectroscopy) system, allowing for the chemical analysis of a sample.

For the unsupported samples, the analysis was performed with Jeol JEM-2010 transmission electron microscope equipped with a LaB6 filament and operating at 200 kV. The images were collected with a 4008 ´ 2672 pixels CCD camera (Gatan Orius SC1000). All samples were prepared by evaporating a drop of diluted suspension in ethanol on a carbon-coated copper grid. The mean particle sizes were determined by a statistical analysis of at least 200 particles.

And the specific surface areas (SSAC) and proportions between different surfaces exposed by

Co in the samples were calculated using the mean dimensions found by TEM and assuming simple geometrical models, as explained in the part A.2.2. in Annex.

Surface coverage with ligands for unsupported Co particles

For a given unsupported catalyst sample, the surface coverage with organic ligands was evaluated as the ratio between the amount of ligands (in mol) per a given mass, as quantified by TGA-N2, and the surface exposed by metallic Co (in m 2 ), for the same mass of sample, as derived from the TEM images analysis.

Surface coverage = n ligands SA

n ligands = ∆m TGA-N 2 100 × m sample M ligands SA = SSA C × & '100-∆m TGA-N 2 ( 100 × m sample )
The establish accuracy of it is equal to 2.5•10 -6 mol m -2 . For the example see Annex, part A.2.3.

X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface analysis technique which reveals the relative composition of a sample in the surface region, usually in the depth up to 5 nm.

The apparatus operates under ultra-high vacuum. The surface of a sample is excited with mono-energetic X-ray beam, which in return causes the emission of photoelectrons from the sample. Their energy is measured by energy analyzer. Based on the binding energy and the intensity of the peaks it is possible to identify the chemical states of the element and their distribution.

The analysis was performed with AXIS Ultra DLD KRATOS instrument. X-ray beam was coming from monochromatized Al K source (hν = 1486.6 eV).

Catalytic tests 2.4.1. Reaction equipment and catalytic tests conditions

The reactor consists of (Figure 2. As primary alcohol 1-octanol was used, as secondary alcohol 2-octanol was used and as diol 1,2-octanediol was used. For most reactions n-decane served as a solvent. Typically, a given mass of catalyst and 30 mL of solvent were placed in the reactor. The equipment was connected and the mixture was heated. When it reached the desired reaction temperature, the mixture of an alcohol (appropriate volume, e.g. 6.746 mL of 2-octanol) and remaining solvent (e.g. 8.254 mL) were added through the septum. Since that moment the reaction was considered as started. The flow of inert gases, being a mixture of 10% N2 and 90% Ar, was constant and equal to 30 mL min -1 . Mechanical stirring was performed with a speed of 750 rpm.

The reaction products were analyzed in two ways: by on-line GC analysis of reaction gases mixture (inert gases inserted into the reactor and produced H2) and by the analysis of liquid aliquots collected periodically during the course of an experiment. The outlet of gases from the reactor was coupled with gas chromatograph (Shimadzu GC-2010, Supelco Carboxen-1010 PLOT column; thermal program: isotherm, 50℃, Ar used as a carrier gas, TCD detector). The signal from H2 appeared at retention time of 2.5 min after the injection, whereas the signal from N2 (internal standard) appeared at retention time of 3.0 min after the injection. The H2 quantification was based on the ratio between integrations of H2 and N2 signals and the performed calibration, for which both gases were considered as perfect gases. Thanks to the H2 flow-meter (coupled with reactor) it was possible to precisely regulate its flow rate (and by this amount -in mol -entering the reactor per minute). The calibration was performed by flowing the mixture of inert gases (3 mL min -1 N2 and 27 mL min -1 Ar) and H2 (given volume per min) through reactor containing 45 mL of decane and heated up to 145℃, to resemble as much as possible the reaction conditions. The measurements were done for 9 different flows of H2, at least 3 times for each of them. The correlation line was obtained by relating the ratio between %H2 and %N2 in the mixture of gases with the ratio of H2 and N2 signals integrations and is presented on 

Reaction results analysis

Conversion of the substrate X is defined as

X = *1 - C x C 0 + • 100%
where:

Cx -concentration of alcohol at a given time in liquid aliquots C0 -concentration of alcohol at the beginning of reaction Selectivity is defined as:

S = C carbonyl C carbonyl + ∑ n • C by-product
Ccarbonyl -concentration of desired carbonyl compound (aldehyde, ketone, and hydroxyketone respectively for primary alcohol, secondary alcohol, and diol) at a given time in liquid aliquots Cby-product -concentration of byproduct(s) at a given time in liquid aliquots n -coefficient factor, for C8 molecules equal to 1, and for C16 molecules equal to 2 Reaction yield Y in product is given by: Y = X • S

The yield in H2 was also evaluated as

Y H 2 = n H 2 n theor •100%
where:

n H 2 -accumulated amount of H2, produced after given time of reaction n theor -theoretical amount of H2 possibly produced during alcohol dehydrogenation reaction, based on a concentration of the alcohol in the solution at the beginning of the reaction.

For the unsupported cobalt catalysts, the turnover number (TON) is calculated as: 

TON = n converted

Catalyst pre-treatment

To increase the catalytic activity different pre-treatment procedures were applied:

1. Thermal treatment under vacuum Around 100 mg of dry unsupported Co catalyst was placed into a glass cell, which subsequently was connected to the vacuum system. After reaching a high vacuum (p < 1.5•10 -5 atm), the temperature program was started (10 ℃ min -1 , 120℃, 12 h) to desorb the ligands from the catalyst.

Washing with EtOH

Around 100 mg of dried unsupported Co catalyst was placed into a centrifugation vial (5.0 mL volume). 3.0 mL of EtOH was added to the sample. After few minutes of shaking, the sample was centrifugated (5 000 rpm, 10 min) and the supernatant was collected. The washing was repeated 3 times. Then, the sample was placed for 24 h in the oven under the temperature of 80℃ and N2 flow for drying.

H2 in situ pre-treatment

The appropriate mass of dried catalyst (25 mg or 500 mg for unsupported and supported cobalt catalysts, respectively) and 30.0 mL of decane were placed into the reactor.

All the reaction equipment was connected and the reactor was heated up to 145℃. After the target temperature was reached, the solution was treated for 1 h with a mixture of flowing gases: 10 mL min -1 H2 + 30 mL min -1 inert gases, and for the next 1 h only with 30 mL min -1 of inert gases, to remove the remaining H2 from the reactor. After this, 15 mL of a solution of alcohol in decane were added into the reactor to reach a final volume of a reaction solution of a concentration of 0.95 mol L -1 of alcohol in decane and the reaction was started.

Modified washing procedure before sample drying

The chosen catalysts (P-R-1 and P-P) were re-synthesized and the modified washing procedure before drying were applied for them. P-R-1 catalyst was washed 6 times with MeOH, and P-P sample was washed 12 x MeOH (both instead of 3 x EtOH).

Density Functional Theory

Density Functional Theory (DFT) is a computational quantum chemistry modeling method, used to investigate electronic properties of molecules and materials. It provides the energy of a given structure (linking it with electronic density by functional), with a certain accuracy that depends on the choice of the level of approximation, on the numerical parameters and on the system under consideration. In the catalysis field, it can be applied to determine the energy of molecules, intermediates and transitions states, to investigate reaction mechanisms and then predict activity of different catalysts. 4 To model metallic nanoparticles, typically a periodic slab model that mimics the exposed facet by an ideal surface is used. The quality of the obtained results relies on numerical parameters, choice of the functional and choice of the slab model.

In this work, periodic DFT computations were performed with Vienna Ab initio Simulation Package (VASP) computer program. 5,6 As cobalt is magnetic metal, performed calculations were spin polarized. The exchange-correlation energy and potential were calculated with the generalized gradient approximation using the PBE functional 7 with dDsC dispersion correction, 8,9 a combination which was proved to be the most accurate to describe the adsorption of molecules on metal surfaces 10 . The projector augmented wave method (PAW) 11,12 was used to describe the electron-ion interactions. A cut-off energy of 400 eV was applied to obtain a tight convergence of the plane-wave expansion. Electronic energies were obtained with a convergence criterium of 10 -6 eV.

The optimal interatomic Co-Co distance was established for bulk hcp Co and was found to be Adsorption and reaction processes were realized on the upper surface of the slab. Structures were allowed to relax until the forces were lower than 0.015 eV Å -1 . Frequencies were computed numerically within the harmonic approximation. Reaction path generator developed by P.Fleurat-Lessard, Opt'n Path, 14 together with nudge elastic band procedures (NEB), 15,16 allowed to determine the transition state structure, between two given ground states structures. It was further optimized using the dimer method, 17,18 In most of the cases the energies were considered as electronic energies. They were considered as Gibbs Free Energies while the comparison with the experimental results was intended and counted with the home-made script. In such cases, the computations were performed with the dipol correction in z direction. The Gibbs energies are derived from the electronic energies within the perfect gas model for molecules and the lattice gas for adsorbate and the rigid rotator and harmonic oscillator approximations. In other words, for molecules in gas phase, Gibbs Free Energy is calculated as follow: Adsorbates are considered to lose their rotational and translational degrees of freedom and have a diffusion energy that is higher than the thermal energy. Hence, their Gibbs Free Energies are considered as follow:

G = Eele + nkBT + ZPE
Gslab = Eele + ZPE -T × Svib Gads/slab = Eele + ZPE -T × Svib
Gslab -Gibbs Free Energy of slab Gads/slab -Gibbs Free Energy of the species adsorbed on a slab ZPE and S vib are based on the harmonic vibration of the adsorbate. Frequencies lower than 50 cm -1 were neglected for them.

EtOH, 1-PrOH and iPrOH were used as model primary and secondary alcohols, chosen to mimic the alcohols used in the catalytic experiments. However, they carbon chain length is shorter, to minimalize the computational costs.

Chapter 3

Activity of cobalt supported catalysts towards alcohol dehydrogenation

Acceptor-less alcohol dehydrogenation (AAD) is an atom efficient reaction, which can be applied to biomass derived (poly)alcohols as substrates. It is leading to products (molecules containing a carbonyl group and H2) of high interest. However, it has some constraints, like the high temperature of reaction, inert atmosphere, which assure the acceptor-less reaction conditions, and necessity of removing the gaseous H2 from the reaction environment to switch reaction equilibria towards products.

The use of catalyst allows to conduct the reaction with good efficiency. In the literature many supported metal catalysts have been reported for this reaction. Among them Co/TiO2 can be found, 1 which is non-noble, abundant metal catalyst. To begin with, we had to establish the reaction conditions and we performed some benchmark investigations about the activity of supported Co catalyst.

While conducting the reaction in liquid phase, the use of solvent allows to keep reasonable ratio between metal and alcohol (e.g. 1 mol%), and to avoid using significant mass of catalyst.

However, the choice of appropriate solvent is important, as it is interacting with reactants (substrate and products) and catalyst surface. 2,3 Hence, it should be as inert as possible for the reaction. Also, as was reported for different catalysts used in AAD reaction, the nature of metallic catalyst support is important for its activity. 1,4,5 It can as well influence the metal reducibility 6,7,8 and NPs size, 9,10 that can affect the catalytic performance. Cobalt is an oxophilic metal, 11 which easily undergoes oxidation with air, by this being deactivated. 12 Therefore, it requires protection (e.g. passivation) 13 and precaution (inert atmosphere) while handling it and/or re-activation before the catalytic tests. 14 First aim of our work was to establish the reaction conditions and to reproduce the results reported by Shimizu et al. for Co/TiO2 catalyst. 1 To be consistent with literature we decided to use 1 mol% of metal in the reaction, 145℃ as reaction temperature, and o-xylene as a solvent.

With these parameters, we first established the appropriate flow of inert gases (N2 and Ar mixture, 30 mL min -1 , from the 30-60 mL min -1 range) and speed of stirring (750 rpm, from the range of 300-1 000 rpm). (The results for establishing the reaction conditions are not included in this Chapter.) Then, we decided to investigate the effect of solvent for the studied reaction. Subsequently, we evolved the influence of different parameters on the activity of cobalt supported catalysts. We paid attention on catalyst post-treatment (passivation), aging, in situ H2 pre-treatment before the reaction, support and metal precursor effects.

To begin with, we conducted the dehydrogenation of 2-octanol (the model secondary alcohol), as the activity towards its dehydrogenation was expected to be higher than towards dehydrogenation of primary alcohol. This allowed us to determine the most active catalysts and check their recyclability (to assess their stability in the reaction conditions), and activity towards dehydrogenation of primary alcohol (1-octanol, to examine their chemoselectivity).

As our final step, we tested the chosen catalysts towards dehydrogenation of 1,2-octanediol, what put us closer towards the investigations of desired biomass derived polyalcohols.

Characterization of supported catalysts

Wet impregnation method is one of the most commonly known and simplest method for preparation of catalysts. 15 It consists of few steps. At first the excess of solution containing metal precursor (usually metal salt) is contacted with solid (catalyst support). After a certain time, in which the solution diffuses into pores of solid, the excess of solution is removed by filtration or evaporation. Subsequently, the solid is calcined and/or reduced to the catalyst active species. 5 wt% supported cobalt catalysts were synthesized with this method.

An aqueous solution of Co(NO3)2 • 6H2O salt was used (0.16 mol L -1 ) as metal precursor, unless stated otherwise. Supports of different nature (TiO2 P25, ZrO2, γ-Al2O3, C, ZnO), and TiO2 with different crystallographic composition (anatase to rutile ratio; TiO2 P25, TiO2 P90, TiO2 DT51D, TiO2 SGNH and TiO2 home made) were utilized for the synthesis. All the obtained catalyst precursors, after drying, were calcined in air at 300℃ for 1 h, with the heating rate of 1 ℃ min -1 (except for Co/C, which was not calcined at all). They were then reduced in flowing H2, at 400℃, for 0.5 h (heating rate 1 ℃ min -1 ; to obtain the metal), and passivated in 1%O2/N2 for 0.5 h at room temperature (to create a tiny protective layer of oxide on the metal NPs surface), unless stated otherwise.

Their physicochemical characterization was conducted by: elemental analysis (ICP-OES), specific surface area measurements, X-ray diffraction (XRD), thermogravimetry analysis under H2 (TGA-H2), TEM and XPS.

Elemental analysis of metal content and specific surface area measurements

Inductively coupled plasma optical emission spectroscopy (ICP-OES) allowed us to determine the actual cobalt content in the synthesized catalysts. For all of them the values were close to the theoretical value equal to 5 wt% of Co (Table 3.1).

N2 physisorption was performed to measure the specific surface area of the catalysts; the BET theory was applied and the results are included in Table 3.1. While comparing the values of specific surface area of the catalysts with the ones of supports (see experimental section, Chapter 2.3.2), we observe that they are always a bit lower for the catalysts. This indicates blocking of some pores of the support, but the changes are not significant.

X-ray diffraction analysis

XRD analysis was performed to assess the formation of metal nanoparticles, get information on their crystallographic structure and investigate their crystallite size. The influence of different parameters such as the thermal treatment, used metal precursor and the type of support were investigated.

Catalyst treatment

The influence of different thermal treatments was investigated for Co/TiO2 P25 catalyst.

In Figure 3.1. are presented the diffractograms for: catalyst only calcined in air at 300℃ (a, in red); and catalyst calcined at 300°C, reduced at 400℃ and passivated (b, in green). TiO2 can exist in different crystallographic forms: rutile, anatase, brookite. Rutile is the most thermodynamically stable, hence, its formation is preferred at elevated temperatures. 16 TiO2 P25 support contains two crystallographic phases: 25% of rutile and 75% of anatase.

In XRD measurements the main signals from rutile are located at the 2θ angle equal to 27.5° (80% of relative intensity, (110) crystallographic plane), 36.0° (60%, (101)), 54.2° (100%, ( 211 on the diffraction pattern, we can assume that only the surface was oxidized in the passivation process, whereas in bulk, Co is in metallic state. 7 Cobalt nanoparticles can exist in two crystallographic forms: hexagonal close packed (hcp) and face centered cubic (fcc). The thermal transition between them (hcp → fcc) occurs around 450℃ for bulk metal, 17 

Different metal precursors

Different metal precursors can be used in the preparation of Co supported catalysts.

We prepared a second Co/TiO2 P25 with a different metal salt -CoCl2 • 6H2O. It will be named CoCl/TiO2 P25 from now on. As previously, the catalyst was calcined at 300℃, reduced at 400℃ and subsequently passivated. The corresponding diffraction pattern is presented on 18 When cobalt nitrate and cobalt chloride were used as metal precursors the nanoparticles of Co3O4 obtained after calcination at 500°C exhibit mean size of 6.3 nm and 15.0 nm, respectively. Cobalt nitrate appeared to be the most suitable Co precursor, as it allowed to obtain NPs of smaller size.

Big nanoparticles possess smaller exposed surface area, that diminishes the amount of available active sites and metal-support interface. Additionally, when cobalt chloride was used, the metal active sites obtained after reduction were blocked by residual Cl -. Moreover, a tetragonal (delta) phase is also present, for which the main signals occur at 2θ of 36.5° (69%, (312)), 45.5° (65%, (400)) and 67.1° (100%, ( 4012)) (PDF 00-056-1186). For Co/γ-Al2O3 catalyst the signals from metallic Co are not visible. In the literature, the formation of cubic CoAl2O4 has also been reported for 10 wt% Co/γ-Al2O3, prepared by wet impregnation method and calcined in static air at 400℃. 8 Hence, its presence could be suspected. However, the main peak at 36.7° overlap with the support (PDF 00-044-0160). Therefore, we cannot make conclusions about its presence.

Different supports

The diffractogram of Co/C is presented on Figure 3.2.c. The peaks at 26.7° and 42.9° can be attributed to the activated carbon support. On the diffractogram only the signal from Co3O4 species is visible, that implies that the catalyst was not reduced at 400℃.

The main signals from ZnO (hexagonal) occur at 2θ equal to 31.8° (relative intensity 56%, (100) crystallographic facet), 34.4° (41%, (002)), 36.3° (100%, (101)) (PDF 01-070-8070). For cobalt supported on ZnO the main peak at 44.2° and attributed to (111) plan of fcc Co was recognizable. Based on this peak, the crystallite size is equal to 17 nm. The visibility of this signal is in agreement with literature, as for 10 wt% Co/ZnO it was the only signal from metallic Co observed (at the same place) and the remaining signals were overlapping with signals from highly crystalline ZnO. 19 However, authors did not ascribe it neither to hcp, neither to fcc Co.

The visibility of the Co signal for this catalyst is connected with the formation of bigger metal crystallites. Such change in size, in comparison with catalyst on other supports, is favored by the low surface area of Co/ZnO, equal only to 16 m 2 g -1 (vs over 60 m 2 g -1 for other catalysts). In the previous part we presented Co supported on TiO2 P25 (25% rutile + 75% anatase). To dig more into the support effect, we checked the influence of other types of TiO2 on the crystallographic properties of cobalt species. We used commercially available TiO2 P90 (10% rutile + 90% anatase) and TiO2 DT51D (100% anatase). We also used a TiO2 synthesized by sol-gel non-hydrolytic method (SGNH), obtained thanks to the kindness of H. Mutin, J. Alauzun and M. Bouchneb from Institut Charles Gerhardt Montpellier (TiO2 SGNH, 100% anatase). Furthermore, we conducted the synthesis of a TiO2 sample in our laboratory (TiO2 home made) by low temperature sol-gel method, 20 aiming to obtain TiO2 in pure rutile The XRD analysis was performed for the Co catalysts on different supports, which were calcined at 300℃, reduced at 400℃, and passivated. However, the results did not allow to confirm if the catalysts were all fully reduced, neither to assess the crystallographic phase and size of metal NPs. Therefore, to get more information about the reducibility and crystallinity of NPs, we decided to investigate the temperature of reduction of the catalyst, by TGA-H2, and perform some TEM and XPS measurements, that will be described in the following sections.

Thermogravimetry analysis under H 2

TGA-H2 analysis of cobalt catalysts was performed to investigate the reducibility and stability of the Co catalysts samples. It was conducted on all of the samples after calcination in order to compare the temperature of reduction of the materials. As the analysis was not conducted in the same condition as during the reduction protocol, we also considered the influence of heating rate on metal oxide reducibility. Moreover, after the passivation, a layer of Co oxide is present at the surface of the catalyst and has to be removed before reaction. 13 The stability of a catalyst was investigated for a series of Co/TiO2 P25 catalysts reduced and passivated at different times before reactivation.

All the measurements were conducted under the flow of the mixture of 5% H2 and 95% of Ar, with total flow of 50 mL min -1 , in the temperature range of 25-600℃. Some mass spectra were collected during the analysis (m/z = 2, 14, 15, 16, 17, 18, 28, 30, 32, 40, 41, 44).

Influence of heating rate on the catalyst reducibility

At first, we checked the influence of heating rate on the catalyst reducibility, as the measurements were conducted with another heating rate than used during the catalyst reduction. Co3O4/TiO2 P25 catalyst was subjected to TGA-H2 analysis with two different heating rates: 2 ℃ min -1 and 5 ℃ min -1 . The weight loss during the thermal reduction is presented in Figure 3 water, from undecomposed metal precursor, or from chemisorbed water. 21 The third decrease can be associated with the reduction of Co3O4 to CoO. The mass drop is consistent with the theoretical value of 0.4%. It takes place in the temperatures range of 300-320℃, which is consistent with the literature for Co/TiO2 10,22 catalysts. Also this temperatures are in agreement with the reduction temperature of bulk Co3O4 (320℃). 23 The fourth small mass change (at 330-350℃) is connected with the decomposition of NO 3 -, coming from the cobalt precursor, which was not fully decomposed during the catalyst calcination at 300°C. The last mass drop (at 420-450℃) represents the transformation of CoO into metallic Co. Its value is consistent with the theoretical weight loss of 1.3% for this transformation, and the temperature of transformation is in agreement with the one reported in the literature for

(a1) (b1) (a2) (b2)
Co/TiO2 (450℃). 10,22 However, it is higher (by 30-60℃) than the temperature reported for reduction of bulk CoO. 23 This is due to metal-support interactions, which hinder the reduction.

All of the transformations are endothermic, which means that they required some energy input to take place.

The changes were confirmed by the collected mass spectra (Figure 3 precursor. It is in agreement with literature, 24,25 where it is reported that complete decomposition of (unsupported) cobalt nitrate hexahydrate under air takes place at 325-350℃. However, the remaining metal precursor will be decomposed during the reduction process, conducted at 400℃. Hence, it will be no more present on the catalyst used for the catalytic test.

The comparison of the TGA-H2 measurement results under different heating rates 2 ℃ min -1 vs 5 ℃ min -1 ) showed that complete reduction is reached at lower temperature when the sample is reduced with lower heating rate (450°C, instead of 475°C). Such dependency is in agreement with literature. 26 Therefore, as the catalyst reduction before the reaction is conducted with heating rate of 1 ℃ min -1 , we can expect that at 400℃ the cobalt oxide should be completely or almost completely reduced to metallic Co. (The TGA-H2 measurement with 1 ℃ min -1 heating rate was not conducted only due to technical reasons.)

Knowing this rule, further TGA-H2 experiments were conducted with heating rate of 5 ℃ min - 1 .

91 Co3O4 is decomposed into CoO at 260℃ and the cobalt monoxide is reduced to metallic Co at 440℃. In the case of this catalyst we do not observe any signal of undecomposed metal precursor after calcination. The complete reduction of CoO on ZrO2 is taking place at very similar temperature as on TiO2 (440℃ and 450℃, respectivel). This is not in line with the literature, where the reported reduction temperature for Co/TiO2 is higher by around 50℃ than the temperature reported for Co/ZrO2. 27 Reducibility of cobalt oxides on carbon is more complex ( In the literature it is reported that the CoO reduction on C is taking place even up to 900℃. 28 The authors investigated three different activated carbons as catalyst supports. For two of them they identified the CoO → Co reduction maxima at 550℃ and 575℃, respectively, but for the third catalyst the clear maximum was not visible. However, the reduction continued as the H2 uptake during H2-TPR measurement was still significant.

Cobalt supported on γ-Al2O3 is also not completely reduced at 600℃ ( the literature (308℃). 8 We do not observe any further straightforward material transition.

However, a loss of mass still occurs, which indicates reduction of CoO into Co. This is as well in line with the literature report, where this transformation was reported to occur in a broad range of temperatures (450-700℃). 29,30 Co/ZnO exhibits the simplest reduction profile of all the investigated types of support for this catalyst, as the temperature of reduction is lower for it. It was already reported in the literature, that when comparing 10 wt% Co/ZnO and 15 wt% Co/ZnO, the oxide species were reduced more easily for the later one as they were bigger (due to the higher metal content). 29 This might also be the case for this catalyst in comparison with the others.

(
According to XRD results the measured mean metal crystallite size for Co/ZnO is equal to 17 nm, whereas for the other catalysts the Co signals on diffractograms were not visible, indicating the crystallites sizes below 10 nm. This suggests that the oxide species might exhibit different size depending on the support, which could explain the shift in reduction temperature. 

Influence of aging on the removal of the passivation layer

Co/TiO2 P25 was obtained by wet impregnation, and subsequently calcined, reduced, and passivated. After synthesis the catalyst was stored inside a glovebox for various periods of time. Our aim was to investigate the stability of catalyst -to check if the passivation layer evolves with time, even if the catalyst is stored in closed vessel under inert (N2) atmosphere.

The TGA-H2 analysis was done the same day as the passivation (1 day old), 2 weeks after passivation (2 weeks old) and 6 months after passivation (6 months old). All the measurements were performed with the heating rate of 5 ℃ min -1 . The corresponding graphs are presented in Figure 3.6.

For the catalyst which was 1 day old two mass drops were evident: the first one with a maximum intensity at 60℃ and the second one with maximum intensity at 200℃. The first one can be ascribed to the moisture and the second one to the reduction of the passivation layer, i.e. monolayer of CoO. This signal is shifted towards lower temperature in comparison with the reduction of CoO during the H2 treatment of the calcined catalyst (450℃, as shown in section 3.1.3.1.). This indicates that the reduction of the monolayer is easier, in agreement with the literature, 31 where it is reported that CoO formed during the passivation of Co/TiO2

catalyst was reduced at 225℃, instead of 450℃. After 2 weeks (Figure 3.6.b) the same two signals were observed. Moreover, the mass loss is similar after 1 day and two weeks, suggesting that the catalyst did not evolve during this time.

In contrary, the results obtained after keeping the catalyst for 6 months suggest that the catalyst has changed. In Figure 3.6.c a third signal with a maximum temperature at 380℃

is observed, and it can be associated with the reduction of bulk CoO. The temperature and the weight loss are higher in comparison to the removal of the passivation layer, which suggests the formation of thick(er) CoO layer overtime.

Comparing the three catalysts we can conclude that the activity of the catalysts being 1 day old and 2 weeks old should be similar, whereas, in the absence of any pre-treatment, the catalyst being 6 months old may not be active due to the formation of thicker CoO layer. For samples (b) and (c) we would expect only the signals from Co 0 , which is not the case.

As XPS is a surface technique, and Co is oxophilic metal, even short contact with air (unavoidable during catalyst manipulation) causes the oxidation of metal NPs on the surface.

Hence, Co 2+ and Co 3+ signals may appear in the spectra. Another explanation of the presence of these species may be that they come from non-saturated cobalt species, on metal-support interface. Also, at 400℃ the metal reduction might not be complete, and the cationic cobalt species may come from non-reduced cobalt oxide. No strong evidence exists for any of these possibilities.

The spectra deconvolution is in progress, however the analysis already allowed us to confirm the partial reduction of cobalt oxide to metallic cobalt species at 400℃. Also, it proved the formation of cobalt oxide protecting layer during the catalyst passivation. On the other hand, the analysis of Co/C confirmed that it was not reduced to metal at 400℃.

To investigate more the reducibility of different catalysts TGA-H2 analysis was conducted.

It showed that Co/C and Co/γ-Al2O3 were not reduced in 400℃, which is in agreement with the XRD results. On the contrary, the other catalysts showed easier reducibility.

The temperature of reduction depends on the support, even for the different TiO2.

This analysis also revealed, that the CoO passivation layer is evolving with time, and may lead to catalyst oxidation, hence lower activity and even deactivation.

Due to low contrast between Co NPs and TiO2 support it was not possible to assess the nanoparticle size distribution, neither crystallographic phase by TEM. XPS analysis proved that during the reduction some Co 0 species are formed. However, they are re-oxidized into cobalt oxide during the passivation treatment.

All in all, the characterization results showed that Co/TiO2, Co/ZrO2 and Co/ZnO should be good candidates for catalysts in acceptor-less alcohol dehydrogenation reaction, due to the presence of metallic Co NPs. The results also revealed, that for Co/C and Co/γ-Al2O3 higher reduction temperature than 400℃ are required. Moreover, due to the oxophilicity of the metal, care should be taken about the catalyst handling and holding (aging).

Catalytic tests results

The aim of acceptor-less alcohol dehydrogenation is to obtain selectively carbonyl product (aldehyde or ketone) and H2 from the corresponding primary or secondary alcohol. Catalytic reactions were conducted in a semi-batch glass reactor (see Chapter 2.4.1. for details).

The necessary inert atmosphere during the reaction was assured by constant flow of inert gases (30 mL min -1 , 10% N2/Ar). In this way it was also possible to remove the produced H2 from the reaction environment, and thus push the reaction equilibria towards products.

The experiments were conducted for 24 h, at 145℃, and with mechanical stirring (750 rpm). 500 mg of supported catalysts were used (1 mol% of metal to alcohol) for all the catalytic tests in this Chapter.

Co/TiO2 P25 was used as our benchmark catalyst. It was prepared by wet impregnation method, and subsequently calcined at 300℃ in air flow, reduced under H2 flow at 400℃, and passivated in 1%O2/N2. First, the effects of the solvent, catalyst aging and activation by As visible on the graph, the accuracy between 2-octanol conversion (65% in this case), 2-octanone yield (64%) and H2 yield (64%) is very good, confirming the acceptor-less mechanism of alcohol dehydrogenation. The reaction progresses intensively, until it starts to be close to the equilibria. But it will never reach it, as we are working in a system where one of the products is constantly removed from the reactor. Considering H2 production a short induction time (in here 20 min) is observed until the catalyst reaches the maximum activity (expressed by maximal intensity of H2 production). Then it gradually decreases, to become only traces at the end of the reaction. 
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The results obtained after 24 h of 2-octanol dehydrogenation with Co/TiO2 P25 in different solvents are gathered in Table 3.3. The highest conversion was observed when decane was used as the solvent. Slightly lower conversions were obtained with diisopentyl ether and o-xylene. In diisopentyl ether no by-products formation was observed, whereas in decane and o-xylene small amounts of additional substances were noticed. In the literature it is reported that the by-products are coming from the aldol condensation reaction. 33,34 Also, the esterification reaction is possible. 35,36 Moreover, the subsequent hydrogenation of condensation and/or esterification product with H2 obtained in alcohol dehydrogenation cannot be excluded. All the observed by-products are C16 substances. However, it was not possible to identify exactly their structures (by GC-MS), due to their low amounts, the fact that there are not commercially available and their high similarity between them. In GVL and DMSO no conversion occured. Moreover, while the test was conducted in GVL the reaction solution changed color from colorless to blue, suggesting that the catalyst was not stable and formation of cobalt-solvent complexes took place. After the reaction in DMSO the characteristic aroma of sulfates were noticeable from the reaction medium, also indicating that the catalyst and/or solvent were not stable in this reaction conditions.

To the best of our knowledge the solvent effect had never been investigated in the acceptorless alcohol dehydrogenation. Based on these results we observe that the chosen solvent can influence the activity and/or selectivity of the catalyst. As decane occurred to be the most inert solvent, we decided to use it for further catalytic tests.

Catalyst post-treatment, aging and activation

Cobalt is an oxophilic metal, which easily interacts with O2. Passivation of catalysts is conducted in order to create a tiny (ideally 1 monolayer thin) layer of oxide on the metal NPs surfaces, protecting it against the uncontrolled oxidation by air and (complete) deactivation. 37 Hence, our aim was to check: if and how the duration of catalyst post-treatment (passivation) can influence the catalyst activity and/or selectivity; if the protecting oxide layer can evolve with time (influence of catalyst aging); and if the in situ H2 pre-treatment (pointing at removing the protecting layer of oxide) can enhance the catalysts performance. Co/TiO2 P25 catalysts, for which different lengths of post-treatment and different aging times were applied, were tested in 2-octanol dehydrogenation, with decane as the solvent.

dehydrogenation. The further catalytic tests were performed with the catalysts reduced and passivated for 0.5 h no longer than 2 weeks before the reaction. The additional H2 pretreatment was not applied for them.

Cobalt precursor

We looked at the effect of the metal precursor on Co/TiO2 P25, as it can influence the metal NPs size, and their activity (by the presence or absence of remained precursor ions).

The Co/TiO2 P25 synthesized with Co(NO3)2 • 6H2O and with CoCl2 • 6H2O (named respectively Co/TiO2 P25 and CoCl/TiO2 P25) were tested towards 2-octanol dehydrogenation. The second catalyst was hardly active (Table 3.5), strictly indicating the importance of metal precursor used in the synthesis. By XRD analysis we observed the formation of much bigger metal nanoparticles from cobalt chloride than from cobalt nitrite (54 nm vs <10 nm), that must have influenced the catalyst activity (by decreasing the available NPs surface and/or interface between NPs and support). We also have to take into consideration that despite the treatment at 400°C, Cl -ions may still be present on the catalyst surface and poison it by blocking the active sites. 39 

Support effect in catalytic dehydrogenation of 2-octanol

Another factor which may influence the metal catalyst activity is the type of support. As it was already described in Chapter 1, the nature of the support can greatly influence the activity of supported catalysts in acceptor-less alcohol dehydrogenation. Shimizu et al. showed that Co/TiO2 outperforms the Co catalysts supported on different carriers in the dehydrogenation of cyclododecanol. 1 At first, we used supports of different nature (Table 3.6): amphoteric (TiO2 P25, ZrO2, γ-Al2O3), neutral (C), and basic (ZnO). Among these catalysts Co/TiO2 P25 gave the highest conversion of 2-octanol (70%), with very good selectivity towards 2-octanone and H2. Co/ZrO2 catalyst was only slightly active, with 10% of conversion. By TGA-H2 analysis it was observed that the reduction of CoO into Co occurs around 440℃ on that support. However, the XRD analysis did not allow to confirm the formation of metal nanoparticles of Co, which are supposed to be the active species in the reaction. Therefore, it is hard to conclude if the lower activity is purely the effect of support, or the effect of not reduced enough metal NPs.

Co/C and Co/γ-Al2O3 were not active for this reaction. The TGA-H2 analysis showed that a reduction at 400°C is not enough to reduce the cobalt oxides. Therefore, the Co/C and Co/γ-Al2O3 catalysts were also tested after reduction at 600℃ (named Co600/C and Co600/#-Al2O3). However, no improvement was observed and the conversion remained negligible. Different reasons may explain this absence of activity: either the Co oxides are still not fully reduced at 600°C, and hence NPs are still not active, or large particles are formed due to the higher reduction temperature.

Co/ZnO was neither active in the catalytic test. Even though complete reduction of CoO into

Co is reached at 400℃, large particles of Co were formed, as shown by XRD (dCo = 17 nm), which might not be active for dehydrogenation reaction. Another reason may be the basic character of the ZnO support, and hence it may not be favoring the reaction.

Shimizu et al. investigated the influence of the support on the catalytic activity in

the dehydrogenation of cyclododecanol. 1 According to their results Co/TiO2 was the most active catalyst, giving 39% of alcohol conversion. It was followed by Co/γ-Al2O3, Co/C and Co/ZrO2, which gave 15%, 10% and 9% of alcohol conversion, respectively. On one side, this confirms our findings that Co/TiO2 is the best performing catalyst, and that Co/ZrO2, another catalyst with amphoteric support, is also active in this reaction. On the other hand, Co/γ-Al2O3 and Co/C were not active in the reaction of 2-octanol, in contrast to the results in the paper.

The reason is not the reduction thermal treatment of the catalysts, which in both studies were performed at 400℃ for 0.5 h before the reaction. The activity difference may come from the different properties of the supports. Shimizu et al. obtained γ-Al2O3 by calcination of γ-AlOOH, whereas we used the commercially available γ-Al2O3 from Degussa. Hence, we suppose that the two Al2O3 differ in the crystallographic composition, what could influence the activity of catalysts. Considering activated carbon as a support, they possess different specific surface areas of 296 m 2 g -1 and 1095 m 2 g -1 , which signalizes that the materials differ in porosity (meso-and microporosity, respectively). It could influence the dispersion, reducibility and crystallinity of metal species on these supports, and by this vary their activity.

Size effect was not investigated in the literature for cobalt supported catalysts. However, some examples are reported for other metals: Pt/γ-Al2O3, 40 Au/HT, 41,42,43 Ag/Al2O3, 44 Ni/θ-Al2O3 4 . With the increase of metal NPs size, their activity was decreasing. In the alcohol dehydrogenation reaction mechanism both metal NPs and support take part (see Chapter 1.2.2). Hence, while the size of metal NP increases, its surface area decreases, and by this fewer active sites are available. Also, for larger metal nanoparticles the available metalsupport interface is decreased, what as well diminishes the amount of available active sites.

For Co/ZnO we observed the formation of larger metal NPs (17 nm vs <10 nm for the other catalysts). Hence, it can justify the lack of its catalyst activity in the reaction. However, the effect of the basic nature of ZnO support cannot be excluded. To better understand the reason of the high activity of Co/TiO2 P25, the catalytic performance of Co supported on different types of TiO2 (Table 3.6) were examined. Beside TiO2 P25 (containing: 25% of rutile and 75% of anatase), we used also TiO2 home made (20% rutile + 80% anatase), TiO2 P90 (10% rutile + 90% anatase), TiO2 DT51D (100% anatase) and TiO2 SGNH (100% anatase). Co supported on TiO2 being a mixture of rutile and anatase showed good catalytic activity, between 66% and 72%. Co supported on anatase SGNH gave 30% of 2-octanol conversion, whereas Co supported on TiO2 anatase DT51D was not active.

No significant differences between these catalysts were observed by XRD and TGA-H2 analysis.

We suspect that the support preparation plays a crucial role. Indeed, TiO2 SGNH was obtained by sol-gel non-hydrolytic method, using chloride precursor, whereas TiO2 DT51D is obtained by precipitation from sulfates. The final SO 3-ions content of the commercial support is <0.6%.

We cannot exclude that the residual SO 3-ions may poison the Co metal. 12 The selectivities reported in Table 3.6 are the ones at final reaction time (24h). It is worth to notice that at low conversion all the catalysts were fully selective towards 2-octanone and H2, whereas, at high conversions the selectivity decreased (in the worst case to 90%). By-products started to be observed at conversion exceeding around 30%. For comparison Shimizu et al. 1 reported a selectivity of 92% after 12h of reaction, at conversion of 85%. However, they did not consider the evaluation of selectivity with increasing conversion.

Catalyst recyclability

Recyclability tests were conducted using Co/TiO2 P25 and Co/TiO2 P90 catalysts, the most active catalysts in 2-octanol dehydrogenation (model secondary alcohol). At first, the catalytic tests were conducted with doubled amount of catalysts (1000 mg) to get enough material for recyclability test. After reactions, the solids were recovered by filtration, subsequently washed with ethanol and dried under N2 atmosphere. For the recyclability tests, 500 mg of them were used. The in situ H2 pre-treatments were conducted to re-activate the used materials before the reactions.

In the second run, the used Co/TiO2 P25 catalyst gave lower conversion of 2-octanol than in the first run (with standard 500 mg mass of catalyst, 70% vs 49%). However, this difference may be caused by not complete re-activation of the catalyst. Probably 1 h of treatment with flowing H2 was not enough to re-reduced the formed cobalt oxide(s) into metallic Co.

Co/TiO2 P90 also gave lower conversion in the second catalytic run (72% vs 23%). Moreover, whereas the activity of both catalysts in the first run was comparable, the used Co/TiO2 P25 gave much better performance than the used Co/TiO2 P90, indicating its better stability in the reaction conditions. 

Catalytic dehydrogenation of 1-octanol

For the two catalysts which were the most active in 2-octanol dehydrogenation, namely

Co/TiO2 P25 and Co/TiO2 P90, we conducted the catalytic dehydrogenation of 1-octanol (chosen primary alcohol), under the same reaction conditions as for the secondary alcohol.

The results are included in Table 3.8.

As reported in the literature, catalysts usually show lower activity towards dehydrogenation of primary alcohols vs secondary alcohols. This difference in activity is visible especially for the dehydrogenation of aliphatic linear alcohols (See Chapter 1.1.3). Co/TiO2 P25 catalyst showed low activity (10% conversion) in dehydrogenation of 1-octanol, and not complete selectivity towards octanal and H2. Some alcohol condensation C16 products were additionally observed as side products (mixture of them; originating from aldol condensation and/or esterification and possible sequential hydrogenation). Co/TiO2 P90 catalyst was almost not active for this reaction, but some traces of formed by-products were already observed at a few percent of conversion. 

Catalytic dehydrogenation of 1,2-octanediol

The dehydrogenation of 1,2-octanediol was performed using doubled mass of catalyst (1000 mg) due to the presence of 2 hydroxyl groups in the alcohol structure.

1-hydroxy-2-octanone (product of secondary OH group dehydrogenation) was expected as the main, desired product, due to the better activity of catalysts in 2-octanol dehydrogenation. However, the formation of 2-hydroxyoctanal (primary OH dehydrogenation product) and 2-oxooctanal (product of primary and secondary OH group dehydrogenation) could not be excluded. Co/TiO2 P25 and Co/TiO2 P90 gave 33% and 25% of alcohol conversion, respectively. The main reaction product was 1-hydroxy-2-octanone, but none of the catalysts were totally selective towards its formation (90% and 69% for Co/TiO2 P25 and Co/TiO2 P90, respectively). However, the observed by products were C16 condensation products, not the simple OH group dehydrogenation products.

Based on the conversion and selectivity to the desired product, we can conclude that Co/TiO2 P25 is the best catalyst for diol dehydrogenation. In the literature only one example of 1,2-octanediol dehydrogenation is available. 45 The reported reaction was conducted in solvent-free conditions at 175℃, using 0.35 mol% of Ni/SiO2 catalyst: a conversion of 28% and a selectivity of 64% were reported. 2-octanone was observed as a by-product.

The Co/TiO2 P25 catalyst exhibits similar conversion, however for a higher metal to alcohol 

Towards dehydrogenation of other diols

By screening (and understanding) the activity of different catalysts in dehydrogenation of model secondary and primary alcohols we aimed to determine the most active and selective catalysts in acceptor-less alcohol dehydrogenation reaction. Subsequently, in the reaction with model diol we verified their performance (activity and chemoselectivity), while two hydroxyl groups (primary and secondary) were present in the alcohol molecule at the same time. As our long-term goal was directed towards dehydrogenation of biomass-derived polyols, we wanted to broaden the scope of diols. 1,2-butanediol (1,2-BDO) and 1,3-butanediol (1,3-BDO) were selected as good candidates for this purpose. They were shorter chain aliphatic diols (more resembling the biomass-derived polyalcohols). Also, they differ in the distance between the OH groups, what will allow to assess if this alcohol structural parameter influences the catalyst performance.

However, the catalytic tests with 1,2-BDO and 1,3-BDO required the change of reaction solvent, as these diols were not miscible with decane. Among the other possible solvents (due to their high boiling point and inertness, see subchapter 3.2.1) only diisopentyl ether revealed to have potential. At room temperature none of the diols were miscible with it, but at elevated (reaction) temperature this property improved to an acceptable level. However, when collecting the liquid samples, the problem of miscibility of 1,3-BDO with diisopentyl ether prevented us to properly conduct the GC analysis; hence the result is not reported.

The catalytic test result for 1,2-BDO dehydrogenation is presented in Table 3.10. According to the liquid sample analysis the conversion of 1,2-BDO was equal to 38%, in quite good agreement with H2 production yield (33%), assuming that only one OH group was dehydrogenated. The only observed product in the liquid phase was 1-hydroxy-2-butanone, but its yield was only 7%. This was not in line with the rest of the analysis results. Probably, the formation of secondary (sequential) product from dimerization/polymerization of 1-hydroxy-2-butanone took place, resulting in the formation of products which were not observed by the used analytical methods. Hence, we see that broadening the scope of diol substrates is challenging at the moment.

Conclusions

Catalytic alcohol dehydrogenation requires elevated temperatures and inert atmosphere to proceed via the acceptor-less pathway. We established the catalytic tests conditions using a benchmark Co/TiO2 catalyst, and proved the quantitative H2 production during the reactions.

Cobalt is an oxophilic metal, and hence it can evolve (oxidize), depending on the treatment and handling. In the catalyst post-treatment (passivation) a CoO protecting layer is created, and assures the stability of catalyst for at least 2 weeks. However, this oxide layer is expanding with time, leading to the catalyst deactivation. But, it is possible to re-activate the catalyst by in situ H2 pre-treatment before reaction. Also, the metal precursor used for the synthesis can dramatically influence the catalyst activity. Using cobalt chloride instead of cobalt nitrate, as the precursor the catalyst activity was suppressed almost entirely.

Motivated by the literature, we examined also the influence of the nature of support on the performance of Co catalysts. Supports of amphoteric nature appeared to favor the reaction, and TiO2 outperformed ZrO2. However, the activity of TiO2 was influenced by its crystallographic composition, being the best for mixed anatase and rutile phases.

The 2-octanol dehydrogenation allowed to determine the most active catalysts: Co/TiO2 P25 and Co/TiO2 P90. In the recyclability tests their activity diminished, showing that they were not stable in the reaction conditions or not re-activated properly.

Still aiming at the dehydrogenation of biomass-derived polyalcohols, we determined the activity of some chosen catalysts towards dehydrogenation of model primary alcohol (1-octanol), to examine their chemoselectivity. The catalysts proved to be highly selective towards secondary alcohol dehydrogenation. This was also true in the dehydrogenation of 1,2-octanediol, the model diol. We wanted to further broaden the scope of diols, however, due to encountered problems with miscibility of solvent and alcohols, it still remains a challenge. To shed light on the structure sensitivity of alcohol dehydrogenation with Co catalysts, the reaction was modeled by DFT on chosen hcp and fcc type metal surfaces.

By the comparison of the adsorption energies for reaction species (thermochemistry), and the activation energies for bond breakings (kinetic), it was possible to determine the preferred reaction mechanism and also compare the activity of different facets. To better understand our results, we analyzed if the thermochemistry of elementary reactions correlates with their kinetics (BEP type relations), and if the adsorption energies of reaction species is conditioned by the geometry properties of surfaces (expressed with generalized coordination number, as surface geometry descriptor). In the last part of this chapter, the chemoselectivity, observed in the preliminary catalytic tests by our project partners from ITODYS in Paris, will be explained thanks to DFT calculations.

Population of different surfaces on unsupported Co NPs

Cobalt nanoparticles (Co NPs) can exist in two crystallographic forms: hexagonal close packed (hcp) or face centered cubic (fcc). The thermal transition between them (hcp → fcc) is reported to take place around 450℃ for bulk metal. 6 Also by using different preparation methods it is possible to obtain hcp and/or fcc type NPs. 7,8,9 The final shape and size of NPs depend on thermodynamic (stability of surfaces) and kinetic (rate of facets growing) factors.

Wulff construction 10 is a method, which allows to determine the equilibrium shape of crystals of a given volume. It is based on the thermodynamic stability of facets and uses energy minimization arguments. Liu et al. 11 and Chen et al. 12 modeled free cobalt spherical NPs using this method. Based on the facets surface energies, they determined which ones are exposed and in which extent. Their results are collected in Table 4.1. 311) and (110) facets, occupy the rest of NP surface, each around 10% of total surface area. However, as appearing from the results, for hcp type Co NP the most exposed are open type (10-11) and (10-10) surfaces, occupying around 60% of particle surface, even though they are not the most stable facets. Close packed (0001) facet is occupying only around 14-18% of hcp Co NP surface.

Also, other open type surfaces are present in noticeable amount, namely (10-12), (11-20), (10-15) and (11-22) facets.

Attempting to investigate the structure sensitivity of acceptor-less alcohol dehydrogenation, we choose the most exposed facets on hcp and fcc type cobalt NPs for modeling of our reaction. We computed the alcohol dehydrogenation pathways on five hcp type surfaces:

(0001), (10-11), (10-10), (10-12) and (11-20), and on four fcc type facets: (111), (100), (110) 

Adsorption of molecules and intermediates

To compare the activity of different surfaces toward alcohol dehydrogenation, at first, we will pay attention to the adsorption of reaction species. The adsorption positions and adsorption energies of the most stable molecules and intermediates on different facets are listed in Table A. 4.1 in Annex. The preferred reaction mechanism may be different depending on the surface.

Hence, adsorption of intermediates on both pathways will be discussed, starting with the ones along alkoxy pathway.

EtOH is adsorbed stronger on open type surfaces than on close packed facets, by 0.09-0.34 eV. 

Bonds dissociation

Another, very important factor affecting the surface activity, is the activation energy necessary for different bond breakings. Again, as the preferred reaction mechanism may differ depending on the surface, bond scissions along both alkoxy and hydroxyalkyl pathway will be considered. The transition state configurations, lengths of breaking bonds, and activation energies for given bonds scissions are listed in Another report, being in line with our findings, is given by Hoyt et al. 3 They performed the modeling of EtOH dehydrogenation on Cu close-packed (111) surface and (100) and (111) steps, modeled with (553) and (533) surfaces, which can be consider as other stepped surfaces. According to their results, the adsorption of reaction species is stronger on steps than on close packed facet, and the activation energies for OH and OH-CH bonds dissociations are lower for steps. Therefore, the steps are expected to be more active than (111) facet.

Even though the available reports concern another metal, they strengthen our finding that the type of metal surface plays a role for the activity in alcohol dehydrogenation. 

Towards understanding and predicting(?) catalytic activity

Having a set of computational data, it is possible to analyze them in term of the relations between energy and geometry, to better understand the catalytic activity and possibly predict the most active metals and surfaces. At first, the possible correlation between thermochemistry and activation energy of an elementary reaction can be analyzed (thermochemistry vs kinetics, Brønsted-Evans-Polanyi type relations), which allows to assess if one is conditioned by the other. 15,16 Also, the relation between the adsorption strength of species and the type of adsorption position, expressed by a geometry descriptor, can be investigated. It allows to assess if the adsorption strength is conditioned by the type of given site. Generalized coordination number is a relatively new geometry descriptor. 17,18,19 It allows to better distinguish the adsorption sites, as it includes the amount of second neighbors for a given position (what is not taken into account for the coordination number), and hence it allows to better describe the adsorption positions on the variety of our investigated surfaces. on the compact planes of different metals, 14 and studied the correlation between activation energy and thermochemistry (BEP type relations) for the elementary reactions. According to their results CH bond breaking is late transition state and OH bond dissociation is an early transition state. What is in line with the findings of Zaffran et al. 15 The above-mentioned results, together with our findings, imply that the nature of CH bond breaking is insensitive neither to the metal, neither to the type of surface. On close packed facets of different metals OH bond breaking is of early nature, but it is not straightforward to assess it on different Co surfaces.

Linking surface geometric arrangements with their adsorption properties 4.4.2.1. Geometry descriptors

To investigate and correlate the type of adsorption position with its strength for different species, it is necessary to use a geometry descriptor, which can be expressed by numbers.

It can be coordination number 18 (cn) or generalized coordination number (CN $$$$ ). 19 Coordination number is defined as the number of nearest neighbors (neighbors remote by the metal interatomic distance) for chosen atom or position (i.e. the atom(s) to which a molecule or intermediate is adsorbed). It is simple surface descriptor, but it does not allow to distinguish between some adsorption sites, like hcp and fcc 3-fold positions on (111) surface. This can be reached using generalized coordination number. 17 It is relatively new surface geometry descriptor, introduced in 2014. It is first order extension of coordination number, what means that the second-nearest neighbors are taken into consideration to quantify the adsorption positions. Hence, it allows to distinguish the 3-fold adsorption sites on (111) facet, but also is efficient to differentiate the sites on metal nanoparticles, 17,19 and different types of surfaces. 18,23,24 Generalized coordination number is defined as: For example, to calculate the generalized coordination number for top position on (0001) close packed facet, the formula will be as follow:

CN $$$$ = ∑ cn(i) i=n i=1 n MAX CN $$$$ -
CN $$$$ = 6•9+3•12 12 = 7.5
The sum of coordination numbers for the nearest neighbors will consist of 6 nearest neighbors in the same (surface) layer of the coordination number equal 9, and 3 nearest neighbors in the layer underneath of the coordination number equal 12. The maximum amount of nearest neighbors in bulk for one atom is equal 12, hence, the sum is divided by it. This gives CN $$$$ equal 7.5, whereas cn for this position is equal 9.

For bridge position the equation will be as follow:

CN $$$$ = 8•9+5•12 18 = 7.33
The ensemble of two neighboring atoms, which constitute the bridge position, has 8 nearest neighbors in the same layer of the coordination number equal 9, and 5 nearest neighbors in the layer underneath of the coordination number equal 12. The maximum number of nearest neighbors for the ensemble of 2 atoms in bulk (avoiding double counting) is equal to 18.

Hence, the obtained CN $$$$ is equal to 7.33.

Generalized coordination numbers for different adsorption positions on variety of our chosen hcp (5) and fcc (4) type surfaces were counted with the script written by our colleague Paul Clabaut from Laboratoire de Chimie, ENS de Lyon. In the script, at first, for the chosen atom/position the nearest neighbors are defined. In the next step, neighbors of the neighbors are identified. Subsequently, double counted nearest neighboring atoms are eliminated and the CN $$$$ is counted according to the equation. The obtained CN $$$$ for different surfaces ranges between 5.4 and 9.2, and are characteristic for the adsorption sites. The relations between adsorption position and adsorption energy of different species along the alcohol dehydrogenation pathways will be discussed in the following section.

Relation between adsorption strength and geometry properties of adsorption site

The scaling relation between the adsorption energy and the geometry descriptor is supposed to have a linear form:

E ads = aCN $$$$ + b E ads -adsorption energy a -slope CN $$$$ -generalized coordination number b -offset
The accuracy of linear fitting and E ads values is indicated by MAE (mean absolute error) and MAX (maximal absolute error). If the MAE and MAX do not exceed 0.10 eV and 0.20 eV, it indicates good fitting accuracy. Then it allows to make some reliable conclusions about structure sensitivity of adsorption of molecules and intermediates on metal surfaces.

The value of the slope indicates how strongly adsorption strength is influenced by the geometric properties of the adsorption site (high value of the slop -big adsorption energy changes, small value of the slop -small adsorption energy changes).

In our analysis, the adsorption of species was considered only in the most stable positions and their adsorption energies were considered as electronic energies. The results are collected in Table A.4.1 in Annex, and the obtained corresponding graphs are presented on Figure 4.13.

Adsorption of reaction intermediates was evaluated without H • co-adsorption (as alcohol → intermediate or carbonyl product + n H2, where n = ½ or 1), to avoid its misleading influence.

For the species adsorbed to the surface by several atoms, the average from the CN $$$$ s of different positions was taken as CN $$$$ . For example, CH3CHO on Co(10-10) is adsorbed by O in bridge position (CN $$$$ = 6.23) and C in top position (CN $$$$ = 6.68). Hence the CN $$$$ for this species is equal to (6.23 + 6.68) / 2 = 6.46. what confirms the good accuracy between the values and linear fitting. This allows to make some reliable conclusions about structure sensitivity of adsorption of molecules and intermediates, occurring along the alcohol dehydrogenation mechanisms, on different cobalt surfaces.

From the analyzed species, the adsorption of carbonyl products (aldehyde and ketone), and adsorption of hydroxyalkyl intermediates are the most structure sensitive. For all of them the slope value is over 0.2. Adsorption of alcohols on different surfaces is also structure dependent (slope of 0.13-0.14), but less than the before mentioned species. On the contrary adsorption of H • and alkoxy intermediates is not sensitive to the type of the surface, what is indicated by the slope value below 0.1. These conclusions are in agreement with our previous analysis from subchapter 4.3.1. of adsorption of species on different surfaces.

The additional analysis of our computational results in term of thermochemistry vs kinetic, and adsorption energy vs geometry relations allowed to identify the structure sensitive elementary reactions and structure sensitive species. These confirm that the alcohol dehydrogenation reaction can be facilitated, when appropriate metal surface is exposed and available.

Selectivity -primary vs secondary alcohol dehydrogenation

Until now we did not compare the selectivity of primary vs secondary alcohol dehydrogenation on Co surfaces. It will be done in this part of the Chapter and it will be combined with the experimental results. Before my thesis started, our project partners from ITODYS in Paris synthesized unsupported Co nanorods and performed preliminary catalytic tests with secondary and primary alcohols. DFT computations allowed to explain the observed results, what was published in 2017 in the paper entitled "Unsupported shaped cobalt nanoparticles as efficient and recyclable catalysts for the solvent-free acceptorless dehydrogenation of alcohols". 25 

Activity of Co nanorods

Unsupported cobalt nanorods (Co NRs) were obtained by our partners by polyol method 26 .

In the synthesis protocol, cobalt (II) dodecanoate (laurate) was a metal precursor, NaOH was used to assure the basic conditions, 1,2-butanediol served as a solvent and reducing agent The preliminary catalytic tests were also conducted by our partners in Paris. As model secondary alcohol 2-octanol was used, and 1-octanol served as model primary alcohol.

The reactions were solvent-free, performed at 180℃ (boiling temperature of substrates), with 20 mg of Co NRs. Alcohol conversion was measured by 1 H NMR and GC-MS analysis, and H2 production was monitored by volumetry. For 2-octanol 85% of conversion, with 95% selectivity was obtained, whereas, for 1-octanol conversion was only 4%, with 43% selectivity.

What showed very good chemoselectivity of Co NRs towards secondary alcohol dehydrogenation.

Similar activity trends were already reported in the literature. Shimizu et al. 27 tested Co/TiO2 catalyst in dehydrogenation of 2-octanol and 1-octanol, and obtained 85% and 12% of conversion, respectively. However, as the reactions were conducted in different temperature (144℃) and with solvent (o-xylene), we cannot directly compare their results with the results of preliminary tests with Co NRs. But it can be concluded that the observed chemoselectivity has the same trend. Yi et al. 28 tested unsupported Re NPs towards dehydrogenation of 2-octanol and 1-octanol in the solvent-free conditions, at boiling temperatures of substrates.

The complete conversion of secondary alcohol, and no conversion of primary alcohol was reported. Even though their results are a bit better, we still can consider Co NRs as very good catalysts. Especially that they were easy to handle (it was possible to separate them with external magnet) and that Co is cheaper than Re, what makes our catalyst more attractive.

4.5.2. Towards explanation of the chemoselectivity 4.5.2.1. Electronic Energy vs Gibbs Free Energy profiles

In the previous parts of this chapter, all the energies were reported as electronic energies.

However, to properly express the thermochemistry of reaction the energies have to be considered as Gibbs Free Energies, for which entropy at temperature of experiment is taken into consideration. Also, the zero-point energy (ZPE) correction is reported as important for aldehyde hydrogenation, 29 hence we assume that it will be important for the alcohol dehydrogenation modeling. As the used slab model is not symmetric, the dipol correction in z direction was included at this point to improve the electronic energy values.

Gibbs energies are derived from the electronic energies within the perfect gas model for molecules and the lattice gas for adsorbate and the rigid rotator and harmonic oscillator approximations. In other words, for molecules in gas phase, Gibbs free energy G is calculated as follow:

G = E ele + nk B T + ZPE -T×(S t +S r +S vib )

with: The energy profiles, expressed as electronic energy differences (∆E) and as Gibbs Free Energy differences (∆G), for iPrOH dehydrogenation on ( 0001) and (11-20) facets are presented on As the reference state the sum of energy of surface and alcohol is taken, expressed respectively in electronic energies and Gibbs Free Energies. These two surfaces were chosen for the comparison, as they are present on the Co nanorods, used in experiments. Moreover, the dehydrogenation of model secondary alcohol (iPrOH) is presented, as dehydrogenation of secondary alcohol (2-octanol) was effective in catalytic tests.

It is globally observed that while the energies are expressed as Gibbs Free Energies then the adsorption is weaker. Hence, the contact time between species and surface is shorter, but also the probability of blocking the active sites is lower. As it can be seen in Table A.4.3, the change results from the entropy correction. The activation energies for different bond scissions possess lower values, while the corrections are included (Table 4.4). This trend is

especially visible for open type (11-20) facet. For example, the activation energy of OH bond breaking diminished from 0.48 eV to only 0.08 eV. It again results mostly from the entropy correction, but also ZPE correction is important. Further, from the corrected profiles, we can clearly read that in the temperature of 180℃, the reaction is almost athermic (∆G = 0.03 eV).

Hence, it can efficiently proceed, if the substrate-product equilibrium is switched towards products, for example by removing H2 from the reaction space. With this knowledge, for the comparison of experimental results with computational results, only corrected energy values will be used in further considerations.

As the computations showed the (11-20) surface is supposed to be more active than the (0001) facet. It is also the most exposed facet on the Co NRs surface, and therefore, it can be assumed to be responsible for their catalytic activity. Hence, it will be used in the DFT modeling to explain the observed chemoselectivity towards secondary alcohol dehydrogenation.

Primary vs secondary alcohol dehydrogenation

To shed the light on the superior activity of Co NRs towards dehydrogenation of secondary alcohol vs primary one, DFT modeling was conducted. 1-PrOH was used in computations as a model of primary alcohol, and iPrOH was used as a model of secondary alcohol. The chosen alcohols were of the same carbon chain length, to avoid the misleading influence of dispersion, coming from the additional -CH2-group. The reaction was modeled on (11-20) facet, as it is occupying the biggest part of surface area of nanorods. The energies were considered as Gibbs Free Energies, and the applied temperature was equal to 180℃, which is the reaction temperature. Negative energy means stabilizing interactions. Considering the activation energies for bond breakings, OH dissociation requires 0.17 eV for 1-PrOH and 0.08 eV for iPrOH. In the transition state, the OH bond length is equal to 1.30 Å for 1-PrOH and iPrOH (elongated from 0.98 Å). Subsequent OH-CH bond breaking, requires 0.39 eV and 0.46 eV for primary and secondary alcohols, respectively. The CH bond length in the transition state is equal to 1.61 Å for 1-PrO • and 1.66 Å for iPrO • (elongated from 1.10Å).

The lower activation energy for OH bond dissociation is in favor of iPrOH dehydrogenation over 1-PrOH. On the other hand, alkoxy intermediate from secondary alcohol adsorbs stronger than alkoxy intermediate from primary alcohol, what is in favor of 1-PrOH dehydrogenation, due to lower possibility of active sites blocking. As well in favor of 1-PrOH dehydrogenation is lower energy barrier for OH-CH bond scission. However, these differences are not significant enough to explain the chemoselectivity exhibited by nanorods towards secondary alcohol dehydrogenation.

The noticeable difference on the dehydrogenation pathway between primary and secondary alcohol is the amount of energy necessary to desorb carbonyl product from the metal surface (desorption energy). Desorption of CH3CH2CHO requires 0.72 eV, whereas desorption of CH3COCH3 requires 0.54 eV. As well we have to keep in mind that 1-PrOH dehydrogenation is endothermic by 0.16 eV, whereas iPrOH dehydrogenation is endothermic only by 0.03 eV.

What as well favors dehydrogenation of secondary alcohol over primary one.

To sum up, the selectivity of nanorods towards secondary alcohol dehydrogenation over primary alcohol is not caused by the differences among the dehydrogenation pathway. It is caused by the difference in energy for carbonyl product desorption and thermochemical preference for secondary alcohol dehydrogenation.

Conclusions

Investigation of structure (shape) sensitivity of acceptor-less alcohol dehydrogenation was The experimental investigations on the supported Co catalysts showed us that this metal is active in the acceptor-less alcohol dehydrogenation (see Chapter 3), in agreement with the literature. 1 Also, the preliminary reactions conducted by our project partners from ITODYS in Paris showed, that Co nanorods are highly active towards secondary alcohol dehydrogenation. 2 Furthermore, DFT computations lead us to the conclusion that this reaction should be structure (surface) sensitive (see Chapter 4). The structure sensitivity of alcohol dehydrogenation was already reported in the literature for Cu catalysts. 3,4 Therefore, arises the question: "Is the alcohol dehydrogenation a structure sensitive reaction with cobalt catalysts?"

The synthesis of shaped Co NPs 5 is possible by polyol method, 6 which is a mild synthesis protocol. By varying the preparation conditions it is possible to obtain NPs of various shapes, 7 which are exposing different and well-defined crystallographic facets. Hence, they are good model catalysts to investigate the structure sensitivity of the reaction. To stabilize the crystallographic facets, the presence of ligands is helpful, as it can favor the formation and growth of thermodynamically less stable (without ligands) surfaces. 7 However, as the ligands remain on the surfaces after the synthesis, they can modify the activity and/or selectivity of the samples, 8,9,10,11,12,13 and their presence should be taken into account.

As it can be seen in the literature, different approaches have to be combined to investigate the shape sensitivity 4,3,14,15 of the reaction and the role of ligands 8,9,10,11 revealed their properties (i.e. shape, type and ratio of exposed facets, surface coverage with ligands). By DFT computations it was possible to explain its nature. Analysis of the gathered information allowed us to determine the most decisive factor for the activity.

Preparation and characterization of Co NPs of different shapes

Our partners from LPCNO in Toulouse and ITODYS in Paris chose the polyol synthesis method 16 to obtain cobalt nanoparticles of different shapes, 5,7,17 1 Naming of the samples according to the role: type of ligand -shape -order number (if necessary) 2 SSAC -Calculated specific surface area of exposed metal facets, based on TEM geometric measurements 3 Weight loss according to TGA-N2 measurements, equal to the mass of organic ligands in the sample

The particles were further characterized by powder X-ray diffraction (see Figure A.5.4. in Annex). Co rods crystallize with the pure hcp structure, diabolos and platelets crystallize mainly with the hcp structure, but the fcc phase can also be detected, especially for the platelets. During post-synthesis sample manipulation a surface CoO phase was created. It can be hardly detected, what suggests its very low thickness. It was already shown in the literature, that this phase has a thickness of about 1.5 nm. 18 To measure the specific surface area of samples N2 physisorption technique can be used (SSABET). However, as our NPs are composed of metal NPs covered with organic ligands, which will influence the gas physisorption, this method is not appropriate to obtain the specific surface area exposed only by metallic Co. This one can be calculated using the NPs dimensions extracted from the TEM images (SSAC; see Chapter 2.3.5, and Annex, part A.2.2). To compare SSABET and SSAC, the N2 physisorption was performed on L-R-1 and L-R-2 samples.

The obtained SSABET are equal to 29 m 2 g -1 and 32 m 2 g -1 , respectively, whereas, their SSAC have the values of 29 m 2 g -1 and 26 m 2 g -1 . The result difference for L-R-2 particles confirms that, indeed, the presence of ligands influences the specific surface area value. Later in this chapter only the values of specific surface area exposed by metal (SSAC) will be used.

The calculated values of SSAC are in the range 22-47 m 2 g -1 (per g of Co, see Table 5.1).

No connection between the shape and the exposed surface area is visible.

Since carboxylate ligands are adsorbed onto the particle surface, 19 TGA experiments were performed in order to determine the different amounts of organic matter for all the Co particles. The decomposition of carboxylate ligands occurs at about 300℃ and is associated with an endothermic peak (see Figure A.5.5). The weight loss is in the range 6.5-62.5%, depending on the nature of the sample (see Table 5.1). These data indicate that the particles display different thicknesses of ligand layers. To determine them, we combined TGA results with TEM geometric measurements. Knowing the weight loss for a given sample (∆m TGA-N 2 ) and the type of ligands present on the surface it is possible to calculate the molar amount of ligands (nligands) per given mass of sample (msample; see equation (1) below). Also, knowing the mass of sample, the mass of pure Co in it is known (mCo), and by it the exposed metal surface area (SA, thanks to SSAC; equation ( 2)). The ratio of these two values constitutes the ligand surface coverage value (equation 3). a function of time. Before the H2 production started, short induction time (10-20 min) was required. It can be explained by the presence of the tiny CoO layer on the catalyst surface, and the necessity of its reduction, to activate the catalyst. As the H2 production begun, it was increasing gradually, to reach maximum after few hours (around 4 h) of reaction and then dropped gradually, once the reaction equilibrium is approached. For all the catalytic tests, the yields of 2-octanone and H2 are in good agreement, within 6%, and also the selectivity towards the production of the ketone and hydrogen is quantitative (no by-products formation was observed). Moreover, the observed H2 production is in line with ketone formation, what confirms the acceptor-less mechanism of the reaction. The catalytic test results after 24 h for all the samples are presented in Table 5.2. The first series of samples -Co NPs of different shapes protected with laurate ligands, showed similar catalytic activity towards secondary alcohol dehydrogenation. They all gave 32-35% of conversion, except for short nanorods (L-R-3), which gave a conversion of 4% only. It prevailed making any straightforward correlation between structure and activity. The samples from the second series (NPs of different shapes, protected with palmitate ligands) were poorly or not active towards 2-octanol dehydrogenation. Only platelets (P-P) gave 16% of conversion and very short nanorods (P-R-3) gave 9% of alcohol conversion. The last series of catalysts (nanorods, protected with carboxylic ligands of different lengths) gave similar 2-octanol conversion, ranging from 22% to 25%. This conversion is lower than the one obtained with the laurate nanorods (L-R-1, L-R-2 and L-R-4, above 30%) or other shaped nanoparticles covered by laurate (L-D, L-P, above 30%). In summary, nanorods with laurate ligands demonstrated the best performance, giving conversions of over 10% higher than nanorods protected with ligands of other chain lengths. To conclude, 2-octanol dehydrogenation with unsupported Co NPs is completely selective towards the corresponding ketone (2-octanone) and H2 production. Among all the tested samples Co NPs with laurate ligands demonstrated the best performance, giving conversions of over 30%. However, some of the samples appeared to be not active.

Importance of the ligand decoration

Factor(s) guiding the catalytic activity

To explain the catalytic behavior of different Co NPs we started to look for the factor(s) guiding their performance. To better express their activity, as the samples differ in intrinsic properties like specific surface area exposed by metal, we decided to use turnover numbers (TON) for this purpose. TON is equal to the ratio between amount of converted substrate to the total amount of surface Co atoms. It allows to express the activity per surface active site.

TON = n converted substrate n surface Co atoms

The TON values are reported in However, no such tendency was visible. Therefore, we assume that there has to be a more important factor, guiding the catalyst activity than the type and amount of exposed surface. 5.1 and with its catalytic activity reported in Table 5. Looking for the property of samples guiding their performance, we checked if the activity (TON) correlates with the amount of ligands present on the metal surface in the sample (Figure 5.4). As it was already mentioned, the organic ligands surface coverage of the Co nanoparticles was estimated combining the exposed surface area derived from the TEM images and the weight loss measured by TGA. It is reported in Table 5.1. Once compared with the catalytic activity of the nanoparticles (Table 5.2), it is easily noticed that a high coverage is detrimental to catalytic activity. For instance, P-R-2 sample has a similar shape as L-R-1, but shows a much lower activity towards 2-octanol dehydrogenation (3% vs 35% of conversion, and 100 mol mol -1 vs 1140 mol mol -1 , when expressed in TON, respectively). On the plot of TON vs ligands surface coverage (Figure 5.4), two groups of catalysts are evident. In the first group, the coverage is around 20 • 10 -6 mol m -2 , the conversion is above 20% and the corresponding TON is above 500 mol mol -1 . In the second group, the coverage is above 50 • 10 -6 mol m -2 and the reported catalytic activities are much poorer (conversion under 20%

and TON under 500 mol mol -1 ). A too thick organic layer (over 1-2 ML) prevents the catalytic activity, probably limiting the access of the substrate to the catalytic surface. This was already reported in the literature, for the aerobic oxidation of benzyl alcohol with Au25 clusters supported on carbon. 8 The Au NPs were covered with thiolate ligands. The more of them were present on the metal surface, the weaker was the activity of the catalyst, and with the full surface coverage it was entirely suppressed. Also, for Pd/Al2O3 such behavior was observed. 9 The catalysts uncoated with thiolate ligands showed higher activity than the coated ones in furfural hydrogenation. In our case it is noticeable that the activity was maintained up to 1-2 ML of ligand surface coverage. 5.1 and with its catalytic activity reported in Table 5.2. The shape of the symbol codes the shape of the Co nanoparticles: nanorods ( ), diabolos ( ), platelets ( ). The color of the symbols codes the decorating ligand: palmitate (blue), laurate (red), decanoate (orange), octanoate (green). The perpendicular dashed black line marks the 1 ML (monolayer) of ligand coverage.

Attempts to improve the catalysts activity

In the literature the removal of surface ligands was achieved by a calcination at 400-500℃. 8 However, to preserve the morphology of the shaped Co NPs, different approaches were tried.

Several pre-treatments were tested on two dried non-active catalysts (L-R-3 and P-R-2): (1) thermal treatment under vacuum, (2) additional washing with EtOH, (3) H2 in situ pre-treatment before the reaction. Detailed protocols can be found in Chapter 2. None of these pre-treatments improved the catalysts activity (Table 5.3). The synthesis protocol was then modified in order to decrease the amount of ligands at the surface, by washing more intensively the nanoparticles before drying. This last pre-treatment (labeled #4 in Table 5.3)

was performed on the P-R-2 and P-P samples, where the final washing was modified from 3 times with ethanol to 6 and 12 times with methanol, respectively. TEM was used to control that the shape was not changed after this treatment. This more intensive washing lead to a decrease in the amount of the palmitate ligands from 32 wt% to 12 wt% for P-R-2 sample,

ML

the reaction: from 32 wt% to 26 wt% for the inactive P-R-1 and from 10 wt% to 6 wt% for the active L-R-1. Even though the active catalyst is as well losing some ligands it can be assessed that a monolayer is still present on the metal surfaces, whereas the decrease of ligand content for the inactive catalyst is not large enough to improve its activity. To verify if the NPs changed shape during the reaction, TEM analysis of two spent catalysts was performed. Figure 5.5 presents some TEM images for L-R-1 and P-R-3 samples before and after the reaction. Sample L-R-1 remained unchanged during the reaction course, whereas for sample P-R-3 the rounding of edges and sintering is observed.

To summarize, the inactive samples underwent structural changes during the catalytic reaction, namely the loss of ligands from the surface and modification in the shape, which is accompanied by leaching of Co into the solution. In other words, a too thick organic layer is detrimental not only to the catalytic activity, but also to the stability of the nanoparticles.

To the best of our knowledge until now nobody reported such samples instability connected with the excess of ligands. in the literature, where stepped Cu surfaces are reported as more active than (111) facet for alcohol dehydrogenation. 4,3 However, in none of these reports the presence of surface ligands was taken into consideration. We suppose that the presence of ligands, even though limited to 1-2 monolayers, still influences the catalyst activity and does not allow to assess the shapeactivity relations. 5.1 and with its catalytic activity reported in Table 5.2. The shape of the symbol code the shape of the Co nanoparticles: nanorods ( ), diabolos ( ), platelets ( ). The color of the symbols codes the decorating ligand: palmitate (blue), laurate (red), decanoate (orange), octanoate (green).

The filled symbols refer to re-synthesized samples for which improved washing procedure was applied. 

Activity

In Chapter 4.3. the activities (expressed in electronic energies) of different types of surfaces were already compared. Further, in Chapter 4.5, we compared the surface activity expressed in Gibbs Free Energy and electronic energy, but up to now we did not compare directly the activity of bare ( 0001) and (11-20) surfaces, expressed in Gibbs Free Energy at 145℃.

For the sake of clarity and consistency with the following results, we will do this briefly now, focusing only on the favored alkoxy pathway. The corresponding profiles are shown with a solid line in Figure 5.9, towards the left and the right side for Co(0001) and Co (11-20) surfaces, respectively. (The corresponding profiles for hydroxyalkyl pathway are presented on This scission is clearly sensitive to the structure and is favored on the open type surface.

On both facets, iPrO 0001) and (11-20) facets, respectively. Again, this process is favored on the open type surface. Last, comparing the adsorption of the product (acetone, in respect to the molecule in gas phase), one can notice that it is also adsorbed more strongly on the open type (11-20) facet (-0.51 eV) than on the (0001) facet (-0.06 eV), and its desorption is endergonic.

All in all, on open type (11-20) facet both the OH and OH-CH bond breakings are facilitated, in comparison with close packed (0001) surface. Also, the adsorption of products and intermediates is stronger on this open type surface, which may result in blocking of its active sites. Likewise, due to differences in adsorption strength, desorption of the products will be less hindered on close packed surface, but this is not enough to make it more active than the (11-20) facet. These observations lead to the conclusion that the alcohol dehydrogenation is sensitive to the structure of the catalyst and the sites exposed on the Co (11-20) facet are more efficient than the ones exposed on the Co(0001) surface. determining intermediate), 23,24 for both of the surfaces the presence of ligands decreases them, which favors the reaction. For Co(0001) bare surface it is equal to 1.49 eV, whereas in the presence of ligands it reduces to 1.24 eV, and for pristine Co (11-20) Comparing globally the influence of deformations and interactions on the two surfaces with ligands, it can be noticed that the influence of deformations is more significant on close packed surface. Due to smaller space available, the species experience bigger tensions. It also can be seen that the interactions have higher input on the beginning of the reaction pathway (more interactions formed), than at the end of it, especially for 0.75A-Co (11-20). in the presence of ligands the alcohol dehydrogenation is expected to be structure sensitive reaction. Based on the analysis of catalytic tests results we could not conclude about it. These results strengthen the fact that the thickness of the ligand covering layer is crucial for the catalytic activity and to assess the shape-sensitivity of the reaction it has to be well controlled.
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Activity towards primary alcohol and diol

For one of the most active catalysts in term of TON, namely L-R-1, the catalytic tests were conducted with model primary alcohol (1-octanol) and diol (1,2-octanediol). The experiments were performed in decane at 145℃ under inert atmosphere, using 0.025 g of catalyst and nalc : ncat = 100. As the reaction conditions were the same as for the reaction with 2-octanol it allowed to directly assess the chemoselectivity of the catalyst. The reaction results are gathered in Table 5.6. analysis. Combination of the results from these two analytical techniques made possible the calculation of the thickness of ligand protecting layer, which ranged from 1 to over 10 ML.

In the catalytic tests with 2-octanol, the samples exhibited differentiated performance (TON from 70 mol mol -1 to 1170 mol mol -1 ). When comparing the results, the most decisive factor for the activity occurred to be the thickness of ligand protecting layer, not the type and amount of exposed crystallographic facets. When the thickness of ligands was limited to 1-2 ML, the NPs were active, whereas when the layer was thicker -the activity was suppressed. Knowing this, the surface-activity relations were re-examined, but no conclusions could be drawn. This strengthens the fact that to assess the structure sensitivity of acceptor-less alcohol dehydrogenation with shaped Co NPs, the thickness of organic layer has to be precisely controlled.

As found from DFT investigations, the ligands play a dual role for the catalytic activity. From one side, they impede the reaction, due to the steric hindrance. On the other hand, their influence is positive, as they create the H-bonds with the reaction species. In conclusion, thanks to controlled synthesis of Co NPs, catalytic testing, characterization of samples, together with DFT investigations it was possible to find and understand that the factor guiding the activity of obtained catalysts is the ligand decoration of the surface.

With this knowledge it will be possible in the future to design improved catalysts.

One of the most active catalysts in 2-octanol dehydrogenation, L-R-1, was tested additionally towards dehydrogenation of primary alcohol (1-octanol) and diol (1,2-octanediol). It showed mild activity in 1-octanol dehydrogenation, but despite of this it occurred to be fully selective towards secondary OH group dehydrogenation in diol. This makes it good candidate for the dehydrogenation of biomass-derived polyalcohols.

Conclusions

Acceptor-less alcohol dehydrogenation is highly attractive, atom-efficient reaction, due to the formation of carbonyl molecule and H2 in gaseous form as the only products. This reaction requires inert atmosphere to assure the acceptor-less mechanism and H2 production monitoring to confirm it. In the literature many heterogeneous metal catalysts have been tested, among which supported Co was reported as active and selective towards secondary alcohols over primary alcohols dehydrogenation. To have an active and selective catalyst also its structural properties are important. It is known that parameters like nature of support, shape of NPs, presence of ligands, can influence the catalyst performance.

The purpose of this work was to investigate the structure-activity relations of Co catalysts in acceptor-less alcohol dehydrogenation. To do this, experimental and computational approaches were combined. First, we studied the effect of carriers nature for supported First, it was important to establish the catalytic tests conditions, and to confirm the adapted acceptor-less reaction mechanism. This was successfully done, using semi-batch reactor, with constant flow of inert gases and monitoring the H2 production during the reaction with GC coupled with the reactor. Experiments were conducted at 145℃ with decane as a solvent.

While investigating the supported Co catalysts, the importance of catalyst post-treatment (passivation) and aging was revealed. The longer was the time of passivation (0.5 h vs 2 h) and the time between the catalyst reduction and reaction (from 1 day to 6 months) the lower was the activity. But, we proved that re-activation of the catalyst is possible by in situ H2 pretreatment. Also, the influence of the carrier nature was observed, and the Co/TiO2 P25 with an amphoteric support appeared to be the most active catalyst, in agreement with the literature. The conversion in 2-octanol dehydrogenation was slightly lower than the one reported by Shimizu et al. (70% vs 85%, respectively), but the selectivity was better (98% vs 92%, respectively). The observed by-products were confirmed to be C16 aldol condensation and/or esterification products. The most active Co/TiO2 P25 catalyst showed good chemoselectivity towards secondary monoalcohol dehydrogenation over primary alcohol.

While tested in dehydrogenation of diol, it was entirely selective towards dehydrogenation of secondary OH group. This showed its potential in the dehydrogenation of desired biomassderived polyalcohols. However, also the formation of some by-products was observed (C16 by-products), which may limit further applications.

To the best of our knowledge, activity of shaped Co catalysts towards acceptor-less alcohol dehydrogenation has not been reported in the literature up to now. We aimed at investigating the surface-activity dependence of the reaction, by screening non-supported Co NPs of various morphologies in 2-octanol dehydrogenation. Characterization of samples allowed to measure the surface area exposed by metallic Co (TEM) and established the thickness of ligand surface coverage (TGA-N2 and TEM). In the catalytic tests these NPs reveled differentiated activity (in TON). The main factor guiding their performance occurred to be the thickness of organic layer, covering their surfaces, not the type and amount of exposed facets.

When it was limited to 1-2 ML the activity of samples was preserved, whereas when it was thicker the activity was suppressed. To further investigate the surface-activity relations, the ligand thickness has to be precisely controlled. The chosen catalyst (L-R-1) was also tested in dehydrogenation of 1-octanol, for which it revealed mild activity, and in dehydrogenation of 1,2-octanediol, for which it was active and completely selective towards dehydrogenation of secondary OH group. This makes it very good candidate for dehydrogenation of polyols.

DFT modeling made possible the understanding of the catalytic behavior on molecular level.

For the first time, predicted activity of different (5 hcp and 4 fcc) Co surfaces were compared, revealing better performance of open type vs close packed facets. It also allowed to understand that the observed chemoselectivity of secondary vs primary alcohol comes from the differences in thermochemistry of reactions and desorption of products. Moreover, the computations showed the dual effect of carboxylic ligands. As expected, they lower the metal activity due to steric hindrance, but also improve it, by creating stabilizing H-bond interactions with reaction species. Hence, if in the ligand layer the space (pocket) for molecule adsorption exists, the catalytic activity is preserved, and can be even enhanced (this is suggested by energy span values).

To choose the best catalyst among the tested supported and unsupported Co catalyst few parameters have to be taken into account. In both groups, the active, selective and chemoselective catalysts were found. But, the supported Co catalysts deactivated with time, which was not the case for unsupported NPs, which were resistant to oxidation thanks to the ligand protection. It was not possible to determine precisely the crystallite size for supported Co/TiO2 P25 catalyst. However, assuming their size being 5-15 nm, the activity expressed by TON will be ranging from 300 to 1300 mol mol -1 , which makes the supported and unsupported catalysts (TON up to ~1200 mol mol -1 ) comparable in activity. Comparing their selectivity (by-products formation) and chemoselectivity (primary vs secondary OH dehydrogenation), shaped NPs performed better, as in secondary alcohol dehydrogenation and diol dehydrogenation the formation of C16 condensation products was not observed and the secondary OH group was dehydrogenated preferentially. Hence, they appear to be good candidates for polyol dehydrogenation. However, it will require to scale up the synthesis, as nowadays they are obtained only in small quantities. It may be also worth to try to bind them on a support, which may facilitate their manipulation, but the influence of support nature cannot be forgotten.

Some open questions still remain in this project. Considering the nature of support, the role of TiO2 phase composition is not explained yet. Also, it will be interesting to broaden the scope of substrates to polyols. We tried to perform the experiments with long chain aliphatic diol without changing the reaction conditions. However, due to some technical limitations (such as viscosity and polarity of polyols and finding a suitable solvent with high boiling point which is not H2 accepting), dehydrogenation of other polyalcohols may require change of reaction conditions (e.g. conducting solvent-free experiments). The thickness of ligand protecting layer was identified to be crucial for the catalyst's activity of shaped Co NPs. Precise control of it should make possible the investigations of shape-activity relations, and by this show a way to further improve the catalyst performance. It may also be a big step forward to use them in dehydrogenation of polyols, as they were more selective than supported catalysts towards dehydrogenation of 1,2-octanediol. From DFT side, it will be worth to computationally investigate dehydrogenation of diols, paying attention to the chemoselectivity of primary vs secondary OH group dehydrogenation, and also to the influence of distance between them (1,2-diol vs 1,3-diol dehydrogenation). It will be also worth to investigate the formation of by-products, to better understand their formation mechanism. Alcohol dehydrogenation pathway can be modeled involving support participation, which will allow to better explain the experimentally observed support effect.

Further, microkinetic modeling will be informative, as it will be bridging the computational and experimental results.

For a broader perspective, Co shaped NPs can be obtained by other method (e.g. organometallic), and they can be protected by ligands of other nature (e.g. amines), which might also affect their activity and/or selectivity. In the project we also already started some investigations about the activity of monometallic Ru and Cu supported catalysts and bimetallic CoxRu100-x unsupported NPs towards alcohol dehydrogenation. It would give an insight into the influence of metal oxophilicity and synergy on the performance.

• Co(CnH2n+1CO2)2, n = 11, 15

First, 360 mmol lauric acid (L), respectively palmitic acid (P), and 360 mmol of sodium hydroxide were added with in distilled water (300 mL) and heated at 80℃ for 30 min under magnetic stirring to get a clear solution of NaL, respectively NaPa. The solutions were cooled down at room temperature. Then, an aqueous solution containing 180 mmol of CoCl2 cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed four times with 100 mL absolute ethanol, and finally dried overnight in an oven at 50℃.

Sample L-R-3

To 100 mL of 1,2-butanediol, were added: the cobalt (II) laurate called L4 (80 mM), anhydrous

RuCl3 ([Ru]/[Ru+Co] = 2.5 mol%) and sodium laurate (160 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed three times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃.

Sample L-R-4

To 100 mL of After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed three times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃.

Sample P-R-1

To 100 mL of 1,2-butanediol, were added: the cobalt (II) palmitate called P4 (80 mM), 

Heterogeneous catalysts for acceptor-less alcohol dehydrogenation -joined experimental and theoretical studies

Acceptor-less alcohol dehydrogenation is a highly interesting reaction from the green chemistry point of view. In it, the (biomass derived) alcohols are transformed into carbonyl products, which are high value-added chemicals. Moreover, highly-energetic H2 in gaseous form is produced as the only by-product in the reaction. The presence of catalyst facilitates the process. Cobalt heterogeneous supported catalysts and unsupported shaped nanoparticles were investigated in this reaction. To understand their catalytic performance, the experimental and theoretical approaches were joined. Catalytic testing was aiming to assess the activity and selectivity of the catalysts, towards the dehydrogenation of mono-and polyalcohols (diols) possessing primary and secondary hydroxyl groups. Extensive characterization allowed to investigate the intrinsic properties of the materials. In between the reducibility of cobalt supported on materials of different nature was examined. For unsupported nanoparticles the shape, type of exposed metal facets, and also thickness of the ligand layer protecting the nanoparticles were analyzed. Density Functional Theory (DFT) calculations gave the opportunity to understand the catalytic behavior on the molecular level.

The catalytic activity and selectivity, and the influence of the co-adsorbed ligands on the catalytic performance of metal, were studied for Co surfaces of different nature. By combining all the results it was possible to identify the factors guiding the catalyst activity.
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Catalyseurs hétérogènes pour la déshydrogénation d'alcool sans accepteur -études expérimentales et théoriques conjointes

La déshydrogénation d'alcool sans accepteur est une réaction extrêmement intéressante du point de vue de la chimie verte. Dans celle-ci, les alcools (dérivés de la biomasse) sont transformés en produits carbonylés, qui sont des produits chimiques à haute valeur ajoutée. De plus, de l'hydrogène est produit hautement énergétique, sous forme gazeuse, comme seul sous-produit de la réaction. La présence de catalyseur facilite le processus. Des catalyseurs hétérogènes au cobalt supportés et des nanoparticules façonnées sans support ont été étudiés dans cette réaction. Pour comprendre leurs performances catalytiques, les approches expérimentales et théoriques ont été reliées. Les tests catalytiques visaient à évaluer l'activité et la sélectivité des catalyseurs vis-à-vis de la déshydrogénation de mono-et polyalcools (diols) possédant des groupes hydroxyle primaires et secondaires. Une caractérisation poussée a permis d'evaluer les propriétés intrinsèques des matériaux. La réductibilité du cobalt sur des supports de nature différente a été examinée. Pour les nanoparticules non supportées, la forme, le type de facettes métalliques exposées et l'épaisseur de la couche de ligand protégeant les nanoparticules ont été analysés. Les calculs de la théorie fonctionnelle de la densité (DFT) ont permis de comprendre le comportement catalytique au niveau moléculaire. L'activité catalytique et la sélectivité, ont été étudiées pour des surfaces de Co de différentes natures ainsi que l'influence des ligands co-adsorbés. En combinant tous les résultats, il a été possible d'identifier les facteurs guidant l'activité du catalyseur.

Mots-clés : de l'alcohol, déshydrogénation, cobalt, catalyse, DFT

  Figure I.1).
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 1 Figure I.1. Scheme of the acceptor-less alcohol dehydrogenation (AAD) reaction.
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 11 Figure 1.1. Schematics of alcohol oxidation reactions (a) with mild(er) oxidant (e.g. O2), (b) with H2-accepting molecule (e.g. styrene) and (c) acceptor-less alcohol dehydrogenation.
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 12 Figure 1.2. (a) General structure of a pincer complex (b) Example of Co pincer complex used in alcohol dehydrogenation.24 
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 13 Figure 1.3. Vicinal diols dehydrogenation with Ir-ReOx/SiO2 catalyst.[START_REF] Sato | Synthesis of α-hydroxy ketones from vicinal diols by selective dehydrogenation over Ir-ReOx/SiO2 catalyst[END_REF] 
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 14 Figure 1.4. Scheme of dihydroxyoctadecanoate dehydrogenation.[START_REF] Vu | Homogeneous and heterogeneous catalytic (dehydrogenative) oxidation of oleochemical 1,2-diols to αhydroxyketones[END_REF] 

( 2 )

 2 Intermediate reaction, in which a new bond is formed (e.g. C=C, C-O, C=N), (3) Subsequent hydrogenation reaction, utilizing the H2 produced in the first step. Alcohol molecules are not very active substances. However, while they are transformed into carbonyl compounds, their activity increases significantly. They can act as nucleophiles (while they are involved in the reaction via O) or electrophiles (while they are involved in the reaction via C). In such transformations new C-C or C-O bond can be formed.Hydrogen borrowing reaction sequence, which involves aldol condensation, leads to the formation of new C-C bond (Figure1.5). At first, the corresponding carbonyl compound is formed from an alcohol. Then, the carbonyl compound, in equilibrium with an enol (carbonyl compound possessing H in C α position to carbonyl group) reacts with another carbonyl compound (which can be an aldehyde or a ketone). This leads to formation of a new C=C bond.In the following step, the C=C bond is hydrogenated into C-C bond, by H2 produced in the first step of the sequence.
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 15 Figure 1.5. Hydrogen borrowing reaction sequence, involving the aldol condensation reaction.
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 16 Figure 1.6. Esterification reaction sequence for primary alcohols.
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 17 Figure 1.7. Proposed reaction pathway for 1,2-cyclohexanediol dehydrogenation with

  Metals differ in their properties, like for example oxophilicity. Due to this, they may exhibit different activity and favor different reaction mechanisms, what may imply different reaction selectivity (while different mechanisms are leading to different products). DFT calculations can help to explain and understand their catalytic behavior. Alcohol dehydrogenation is usually computed using MeOH, EtOH or iPrOH as model alcohols. Most of the time, computations are performed only on the metal surfaces, not including the support, however, examples of such calculations can also be found (see section 1.2.2). To model the metal surfaces the supercells composed of few metal layers (usually 4) and vacuum (usually over 10 Å) over them are used and repeated periodically to mimic the extended crystallographic facets. Very often close packed (111) facet for fcc (face centered cubic) type metals and (0001) surface for hcp (hexagonal close packed) type metals are chosen to represent the metals. However, it is also possible to find reaction pathways modeled on stepped and open type metal surfaces (see subchapter 1.2.

  the case of alcohol dehydrogenation, it starts with the adsorption of alcohol molecule on the metal surface (Figure 1.8). It is widely accepted that at first the OH or α-CH bond dissociation occurs (marked as OH and CH on the Figure 1.8, respectively), leading to the corresponding alkoxy or hydroxyalkyl intermediate, respectively. As a subsequent step, CH bond breaking can take place for alkoxy intermediate (through TS OH-CH), leading to the formation of carbonyl product and two H • atoms. For hydroxyalkyl intermediate, OH bond dissociation occurs (via TS CH-OH), leading to the formation of the same products.The catalytic cycle finishes with desorption of carbonyl product and H2 molecule from the surface. For metals of different nature, the preferred dehydrogenation mechanism can be different.

Figure 1 . 8 .

 18 Figure 1.8. Mechanisms schematic of catalytic alcohol dehydrogenation.

  of the classical dehydrogenation mechanism, involving OH and α-CH bond breakings, also the pathway involving β-CH bond scission is reported in the literature. Experimentally, it was confirmed by kinetic isotope effect for Re unsupported NPs 5 (Figure1.9). It starts with OH bond scission, after which the Re NP gains a partial positive charge. Then, β-CH bond dissociation occurs, increasing the partial positive charge of metal, and leading to the formation of enol intermediate. At the end of the cycle, the H2 and enol are desorbed from the metal surface, and interconversion of enol into carbonyl product takes place.

Figure 1 . 9 .

 19 Figure 1.9. Proposed mechanism of 3-octanol dehydrogenation with unsupported Re NPs. 5

  of amphoteric nature (Al2O3 and TiO2) resulted in the best activity. This connects with the proposed reaction mechanism, which involves the participation of metal NP and support, as illustrated on Figure1.10.

Figure 1 .

 1 Figure 1.10. Proposed reaction mechanism for alcohol dehydrogenation with Pt/γ-Al2O3.34 
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 111 Figure 1.11. Energy profiles for iPrOH dehydrogenation on Ni13 metal cluster (in black), Ni13 metal cluster on θ-Al2O3 (010) in configuration a (in blue) and in configuration b (in red). 83

  exposed a mixture of (111) (mainly) and (100) facets, whereas truncated triangular platelets were exposing (111) planes. The corresponding TEM images and geometrical models are presented on Figure1.12.
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 112 Figure 1.12. TEM images of (a) nanoplatelets, (b) near-spherical NPs, and (c) nanocubes, (d) their structural models. 89

  tetradecyltrimethylammonium bromide) with NaBH4 and gaseous H2, at 50℃. The variation of preparation conditions allowed to obtain cubic and cuboctahedral NPs. The cubic NPs were exposing only (100) facets, whereas cuboctahedral NPs were exposing both (100) and (111) facets. For the catalytic tests the NPs were assembled on a silicon wafer. Both catalysts were similarly active in the benzene hydrogenation (turnover rates ~0.95 molecules Pt sites -1 s -1 at 107℃). However, they differed in selectivity. In the reaction with cubic Pt NPs cyclohexane were formed exclusively, whereas in the reaction with cuboctahedral NPs both cyclohexane and cyclohexene were obtained. The difference in the reaction selectivity resulted from different types of facets exposed by NPs. (100) facets, present on both cubic and cuboctahedral NPs, lead to the formation of cyclohexane, and (111) surface, present on cuboctahedral NPs, promoted the formation of cyclohexene (Figure 1.13).
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 113 Figure 1.13. Reaction schematic for benzene hydrogenation with (a) cubic and (b) cuboctaheral NPs. 91
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 114 Figure 1.14. Illustration of the surfaces used in computations by Hoyt et al.[START_REF] Hoyt | Anhydrous methanol and ethanol dehydrogenation at Cu(111) step edges[END_REF] 

  30 eV), what might suggest the weaker activity of steps, due to the blocking of active sites by molecules and (especially) intermediates of the reaction. However, the activation energies for OH and OH-CH bond dissociations are lower on the stepped surfaces, than on terrace (111) facet (for OH by 0.31-0.43 eV and for OH-CH by 0.19-0.36 eV), what makes them more active. The proceeding of reaction is strongly limited by product desorption from the metal surfaces. Especially for stepped surfaces, the hydrogenation of aldehyde to alkoxy intermediate is more favored than the desorption of molecule from the surface. Hence, the reaction has to be conducted at temperature high enough to allow desorption of the products from the metal surface, and by this directing the reaction towards products.
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 115 Figure 1.15. Energy profiles for MeOH and EtOH dehydrogenation on Cu(111) terrace (black),
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 116 Figure 1.16. Activity and selectivity of Au25 clusters, covered with thiolate ligands, supported on carbon, in the aerobic oxidation of benzyl alcohol, in term of surface coverage with ligands. 98

Figure 1 . 17 .

 117 Figure 1.17. Furfural hydrogenation on the surface covered with 1-octadecanethiol (on left)and 1-adamantanethiol (on right).96 

Figure 1 . 18 .

 118 Figure 1.18. Selective hydrogenation of cinnamaldehyde to cinnamyl alcohol on Pt/Al2O3 surface coated with 3-phenylpropanethiol ligands. 97

  NPs is conducted with diol as a solvent. Atmane et al. 105 used 1,2-butanediol (1,2-BDO), and observed that during the formation of metal NPs, 1,2-BDO is transformed into 1-hydroxy-2-butanone. Moreover, the hydroxyketone was still generated after the formation of NPs was finished. This finding demonstrated an activity of formed NPs towards the diol dehydrogenation, and motivated the beginning of this project.

(

  II) carboxylate compound in a basic polyol (NaOH in 1,2-propanediol or 1,2-butanediol) using RuCl3 as a seeding agent, at 175℃. During the heating, the reduction of Co(II) into Co 0 took place what was signalized by the change of solution color into black. The formed NPs were recovered from the solution, washed 3 times with EtOH and subsequently dried.The morphologies and mean dimensions of the particles can be varied depending on several reaction parameters such as the nature of the polyol, the nature of the Co(II) carboxylate, its drying procedure and the concentration of the long-chain carboxylate. In such way rods, diabolos and platelets were prepared. The samples are named according to the role: type of ligand -shape -order number (if necessary), where the type of ligand corresponds to the nature of the carboxylate (L -laurate, C12, P -palmitate, C16, H -heptanoate, C7, O -octanoate, C8, D -decanoate, C10) and the shape corresponds to either rods (R), diabolos (D) or platelets (P). The synthesis details of cobalt precursors and samples are gathered in the Annex, in part A.2.1.
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 21 Figure 2.1. Schematic illustration of polyol synthesis method

  The particle size can be calculated with Scherrer equation, which correlates it with the broadening of the signal from a given element, visible on the diffraction pattern. It can be size of metal nanoparticle K -shape factor, which value is close to 0.89 λ -X-ray wavelength β -line broadening at half of the maximum intensity of signal θ -Bragg angle Powder XRD patterns were registered with BRUKER Advance D8A25 equipment. Copper tube was used as a source of X-rays (λ K α = 1.54184 Å) and nickel filter was used to eliminate Kβ lines of the radiation. Multi-channel fast detector LynxEye (192 channels, active length 2.947°) was used to register the diffraction signals. For the samples containing cobalt scans were performed in the angle range 15° < 2θ < 86°, and for the supports, scans were performed in the range of angles 15° < 2θ < 90°. When it was possible the Scherrer equation was used to calculate the crystallite size. 2.3.4. Thermogravimetric analysis Thermogravimetric analysis (TGA) is a thermal analysis in which the change of the sample mass is recorded in function of time and temperature. Temperature during the measurement can be kept fixed or can be increased with a given heating rate. The changes of mass can occur due to desorption, absorption, sublimation, vaporization, oxidation, reduction and decomposition of the sample. TGA analysis can be conducted under the atmosphere of: -inert gases, for which thermal decomposition of sample is observed (TGA-N2 or TGA-Ar) -air -oxidative conditions, change of mass is due to sample oxidation (TGA-air) -H2 -reductive conditions, change of mass results from the reduction of the sample (TGA-H2) The equipment is composed of: furnace, high-precision balance, temperature programmer and recorder. It can be also coupled with mass spectrometer (MS), what allows to analyze and identify the evolved gases.

  2):-flow-meters regulating the flow of gases through the reactor (Bronkhorst High-Tech EL-FLOW Select mass flow meters for N2, Ar and H2), -semi-batch glass reactor (100 mL), -mechanical stirring system, -gases tight agitation turret (PFA material), -vapor condenser, -heater and oil bath, -gas chromatograph coupled with the outlet of gases.
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 22 Figure 2.2. Schematic of semi-batch glass reactor

Figure 2 . 3 .

 23 The measurement data are collected in Table2.1.
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 23 Figure 2.3. H2 calibration graph.

  the calibration was performed by relating the signals integration with the concentration of the solution of alcohol in decane. For each alcohol, at least 5 solutions of different concentrations were prepared. The obtain calibration lines are presented on Figure 2.4.

Figure 2 . 4 .

 24 Figure 2.4. Calibration graphs for: (a) 1-octanol, (b) 2-octanol, (c) 1,2-octanediol. a.u. stands for arbitrary units.

  expected) reaction products were octanal (retention time 5.5 min), 2-octanone (5.4 min) and 1-hydroxy-2-octanone (8.4 min) from 1-octanol, 2-octanol and 1,2-octanediol, respectively. For octanal and 2-octanone the calibration was performed for at least 5 solutions of different concentrations in decane. The obtained calibration lines are presented on Figure2.5. 1-hydroxy-2-octanone is not commercially available, hence to measure its concentration we used the same calibration line as obtained for 1,2-octanediol.
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 25 Figure 2.5. Calibration graphs for: (a) octanol, (b) 2-octanone. a.u. stands for arbitrary units.

Figure 2 . 6 .

 26 Figure 2.6. Calibration graph for 5-hexadodecanon. a.u. stands for arbitrary units.

  substrate n surface Co atoms with: n converted substrate -amount of alcohol converted into product(s) during the reaction, counted based on its concentration in liquid samples at the beginning (C0) and at the end of the reaction (Cx) n surface Co atoms -amount of surface Co (1 st layer of metal) in the catalyst sample used in the reaction. This number is evaluated taking into account that different exposed facets expose different amount of Co atoms per surface unit. Establish uncertainty of TON values is equal to 25 mol mol -1 . For the example see Annex, part A.2.4.

  equal to 2.47 Å (what is in good agreement of the experimental value of 2.51 Å), and further used for all the surfaces. The catalyst surfaces were represented by supercells, composed of few metal layers (usually 4) over which the vacuum was placed (over 10 Å). Half of the layers (bottom layers) were fixed in bulk truncated positions, whereas the remaining half (upper layers) were allowed to relax. Such surface model is called asymmetrical slab (Figure2.3). It is repeated periodically to mimic the extended metal surface. 5 hcp type surfaces and 4 fcc type facets of Co were considered in computations. For hcp type facets the following supercells were used: p(3x3) of 4 layers for Co(0001), p(4x4) of 4 layers for Co(10-11), p(4x4) of 6 layers for Co(10-10), p(3x3) of 4 layers for Co(10-12) and p(4x4) of 4 layers for Co(11-20). Whereas for fcc type surfaces they were: p(3x3) of 4 layers for Co(111), p(3x3) of 4 layers for Co(100), p(3x4) of 4 layers for Co(110) and p(3x3) of 4 layers for Co(211) facets. For the Brillouin zone integration, a Monkhorst-Pack mesh of 3 x 3 x 1 K-points was used.13 1.63 μB per atom was used initially as magnetic moment value for Co and it tuned slightly to: 1.58 μB for (0001), 1.70 μB for (10-11), 1.71 μB for (10-10), 1.73 μB for (10-12), 1.78 μB for (11-20), 1.60 μB for (111), 1.69 for (100), 1.69 μB for (110) and 1.69 μB for (211).
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 23 Figure 2.3. Asymmetric slab model, on the example of p(3x3) Co(111) supercell.

  which minimalizes the forces (not energy) in a given state, and confirmed by the presence of a single imaginary frequency which normal model corresponds to the reaction coordinate. Adsorption energy of molecules was considered as difference between the energy of the molecule adsorbed on the surface and the energy of pristine surface and molecule in gas phase. A negative energy means stabilizing adsorption. Eads = Emolecule@slab -Eslab -Emolecule Eads -adsorption energy Emolecule@slab -energy of the molecule adsorbed on the slab Eslab -energy of the slab Emolecule -energy of molecule in the gas phase > 10 Å of vacuum 2 relaxed layers 2 fixed layers

  -T × (St + Sr + Svib) with: Eele -electronic energy n = 4 for non-linear molecules and n = 3.5 for linear molecules kB -Boltzmann constant T -temperature (in K) ZPE -zero-point energy St, Sr, Svib -translational, rotational and vibrational entropy components Entropy components were considered for molecules in gas state.

  )) (PDF 00-001-1292). The main signals from anatase are located at: 23.3° (100% of relative intensity, (101) crystallographic plane), 37.9° (22%, (004)), 48.0° (32%, (200)) (PDF 00-064-0863). The presence of these signals on the diffractograms confirms the presence of rutile and anatase TiO2 in the material. The calcination under air of the impregnated catalyst aims to decompose the metal precursor (Co(NO3)2 • 6H2O) and forms the metal oxide (Co3O4 and/or CoO). In XRD analysis, the main signals from Co3O4 are expected to appear at 2θ of 31.2° (40% relative intensity, (220) crystallographic plane), 36.8° (100%, (311)), 65.2° (45%, (440)) (PDF 00-009-0418), and from CoO at 36.5° (65%, (111)), 42.4° (100%, (200)), 61.5° (54%, (220)) (PDF 00-048-1719). For the catalyst after calcination only signals from Co3O4 were observed (Figure 3.1.a). The signals at 31.2° and 65.2° are clearly visibly. The (main) signal at 36.8° superimpose with the signal from TiO2 anatase. However, its intensification is visible, therefore, confirming the presence of signal from Co3O4. The average crystallite size, established with Scherrer equation, is equal to 13 nm. After reduction and passivation, the signals coming from Co3O4 are not present anymore. As the catalyst was passivated (in a flow of 1% v/v O2/N2) the formation of a monolayer of CoO on the surface is expected. Because the signals from CoO are not visible

  hence for catalysts reduced at 400℃, we cannot exclude the coexistence of these two phases. For hcp Co the main signals appear at 2θ equal to 47.6° (100% relative intensity, (101) facet), 75.9° (80%, (110)), 84.2° (80%, (103)) (PDF 00-005-0727), and for fcc Co at 44.2° (100%, (111)), 51.5° (40%, (200)), 75.8° (25%, (220)) (PDF 00-015-0806).However, no signals from metallic Co are visible. They can be unnoticeable due to the superimposing with the signals from support (like Co hcp signal at 47.6° and signal from TiO2 anatase at 48.0°) and/or due to the small size of metal crystallites (< 10 nm). Hence, based on the obtained XRD results we cannot conclude about the crystallographic phase of Co 0 after reduction.
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 31 Figure 3.1. XRD diffraction patterns associated with Co/TiO2 P25 (a) after calcination (in red), (b) Co/TiO2 P25 catalyst after additional reduction and passivation (in green), and (c) CoCl/TiO2 P25 after calcination, reduction and passivation (in black). The vertical dashed lines indicate the expected 2θ angles for appearance of Co signals: red -hcp Co and blue -fcc Co.

Figure 3 .

 3 Figure 3.1.c (in black); the catalyst can be compared with the one obtained with Co(NO3)2 • 6H2O (b, in green).

  Cobalt catalysts with different supports were synthesized from Co(NO3)2 • 6H2O precursor salt by wet impregnation method. All of them were calcined in air at 300℃, reduced under H2 flow at 400℃ and subsequently passivated. The diffractograms for Co supported on: ZrO2 (a, red), γ-Al2O3 (b, green), C (c, blue) and ZnO (d, black) are presented on Figure3.2.ZrO2 used in the synthesis is composed in 90% from ZrO2 monoclinic and in 10% from ZrO2 tetragonal. The main signals from ZrO2 monoclinic are located at 2θ equal to 28.2° (relative intensity of 100%, (-111) facet), 31.5° (66%, (111)), and 50.2 (22%, (022)) (PDF 00-065-0687), and the main signals from ZrO2 tetragonal are located at 29.8° (100%, (101)), 34.0 (39%, (002)), 50.1 (38%, (200)) (PDF 00-042-1164). Most of the expected signals from hcp and fcc Co are located at the same places as signals from ZrO2. However, if the metal will be in hcp state, then the signal at 47.6° should be visible. As it is not observed, we can assume that either Co is in fcc state, or the metal crystallites are too small. Main diffraction signals from cubic γ-Al2O3 are located at 2θ equal to 39.4° (60% relative intensity, (222) facet), 45.8° (64%, (400)), and 66.8° (100%, (440)) (PDF 00-056-0457).
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 32 Figure 3.2. XRD diffractograms associated with (a) Co/ZrO2 (red), (b) Co/γ-Al2O3 (green), (c) Co/C (blue), and (d) Co/ZnO (black). The vertical dashed lines indicate the expected 2θ angles for appearance of Co signals: red -hcp Co and blue -fcc Co.

  , as a result we obtain the oxide in mixed rutile (20%) and anatase (80%) phases. The composition of all the TiO2 materials was confirmed by XRD analysis.

Figure 3 . 3 .

 33 Figure 3.3. presents the diffractograms for cobalt supported on different types of TiO2. For most of them, the signals associated with metallic Co are not visible, indicating that the cobalt crystallite sizes are below 10 nm. Only for Co/TiO2 (SGNH) it was possible to see the main peak associated with Co cubic at 44.2°, for which the crystallite size is equal to 13 nm.
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 33 Figure 3.3. XRD diffractograms for cobalt catalysts supported on different types of TiO2: (a) Co/TiO2 P90 (in red), (b) Co/TiO2 DT51D (in green), (c) Co/TiO2 SGNH (in blue), and (d) Co/TiO2 home made (in black). The vertical dashed lines indicate the expected 2θ angles for appearance of Co signals: red -hcp Co and blue -fcc Co.

  .4.
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 34 Figure 3.4. Thermal reduction of Co3O4/TiO2 P25 at (a) 2 ℃ min -1 and (b) 5 ℃ min -1 . Graphs marked with number 1 represent the weight loss vs temperature and marked with number 2 the derivate of weight loss vs temperature.

  .5). For m/z = 2, representing H2 consumption, it is hard to notice any changes, as the analysis was conducted with an excess of the reductive gas. The signals associated with m/z = 17 and m/z = 18 confirm the water production for all the material transformations. Moreover, the 4 th transformationdecomposition of NO 3 -is confirmed by the signals from m/z = 15 and m/z = 16 (ascribed to NH + and NH2 + ions) at temperatures of 350-375℃. The results indicate that calcination of Co/TiO2 P25 at 300℃ was not completely efficient to decompose Co(NO3)2 • 6H2O, used as a metal
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 35 Figure 3.5. Chosen mass spectra, collected during the analysis of Co3O4/TiO2 P25 catalyst, with the heating rate of 5 ℃ min -1 : (a) H2 (m/z = 2) and (b) NH + and NH 2 + (m/z = 15 and 16), and H2O (m/z = 17 and 18).

2 .

 2 Influence of the support on cobalt reducibilityCobalt catalysts were prepared with supports of different nature: TiO2 P25, ZrO2, C, γ-Al2O3, ZnO. The reducibility of cobalt oxides supported on different materials was checked by TGA-H2 with 5 ℃ min -1 heating rate up to 600℃. Before the analysis, all the catalysts were calcined under air flow at 300℃, except C. The results are collected in Table3.2. The graphs of weight loss vs temperature, derivative of weight loss vs temperature, and chosen mass spectra vs temperature, for different catalysts are presented in Annex, on Figures A.3.1-4.For all of the catalysts with different supports the first mass drop, at 60℃, is connected with desorption of moisture. Next transformation, around 200℃, is mainly connected with elimination of chemisorbed H2O. However, for some of the catalysts another change takes place around this temperature that will be described later. The TGA-H2 of Co/TiO2 P25 was already described in details in subchapter 3.1.3.1. For this catalyst, the reduction of Co3O4 into CoO occurs at 350℃, and the reduction of CoO into metallic Co at 450℃. Additionally, we observed that the cobalt precursor was not completely decomposed during the calcination performed at 300℃. Co/ZrO2 catalyst showed a similar mass loss profile to Co/TiO2 P25 (see Annex, Figure A.3.1).

Figure A. 3 . 2 .

 32 ). The signal at 110℃ probably comes from the reduction of some organic groups containing nitrogen. The signal at 190℃ can be associated with decomposition of metal precursor, what is in agreement with the literature, where for the decomposition of bulk Co(NO3)2 • 6H2O under H2 the temperature of 240±20℃ is reported.24 This is confirmed by the presence of mass spectrometry signal of m/z = 30 at these temperatures. It is usually associated with the presence of CH3NH2 + or NO + ions. The following signal at 350℃ indicates reduction of Co3O4 into CoO. Even though we do not observe any further signal on the graph of derivative of mass change, a continuous mass loss is still observed. This means that the catalyst reduction is still on-going at 600℃. It is connected with CoO reduction into Co, but also with reduction of some organic functional groups on the support. This is confirmed by the presence of mass spectrometry signals of m/z = 15 and 16 which can be ascribed to the NH + or CH3 + and NH2 + or CH4 + ions, respectively.
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 33 . The signal at 160℃ results from the decomposition of species containing nitrogen, what is indicated by the MS signal of m/z = 30. They are probably coming from not completely decomposed cobalt nitrate. The reduction of Co3O4 into CoO takes place at 300℃, what is in good agreement with

Figure A. 3 . 4 )

 34 . Only two signals, at 250℃ and 390°C, are observed, and they come from the transformation of Co3O4 → CoO → Co. It can be assumed that the reduction is facilitated

For

  all the Co/TiO2 samples, four reduction signals were visible. First mass drop, around 60℃ comes from the moisture desorption. The second, at 190-210℃, comes from the elimination of chemisorbed water. The transformation of Co3O4 into CoO occurs in the range of 300 to 325℃. The reduction is the easiest on TiO2 P25 and TiO2 SGNH and the hardest on home made TiO2. The change of CoO into Co takes place between 375 and 500℃. The strength of the metal-support interaction, expressed by increasing reduction temperature, is increasing in the following order: DT51D < home made < SGNH < P25 < P90. As the temperatures for this transformation differ significantly (in the range of 125℃), we can expect Co being reduced in different extent depending on TiO2 support.
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 36 Figure 3.6. Weight loss (on left) and derivative from mass change (on right) as a function of the temperature for Co/TiO2 P25 catalysts reduced and passivated (a) the same day, (b) 2 weeks before (c) 6 months before.

4 .

 4 Transmission Electron Microscopy imagingTransmission Electron Microscopy (TEM) imaging was performed for one of the catalysts -Co/TiO2 P25. A representative picture is shown in Figure3.7. The presence of cobalt particles on TiO2 was confirmed. However, due to the low contrast between metal and support it was not possible to establish a size distribution, nor to determine their crystallographic structure.
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 3738 Figure 3.7. Representative TEM image of Co/TiO2 P25 catalyst
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 16 Characterization -summary Different characterization techniques allowed us to investigate the physico-chemical properties of the catalysts. The 5 wt% metal loading of the samples was confirmed by ICP-OES elemental analysis. N2 physisorption indicated that the specific surface area of the materials does not evolve during thermal treatment. Based on XRD analysis for Co catalysts supported on different types of TiO2, ZrO2 and ZnO we can conclude that they were reduced to metallic Co. In most of the cases the signals from metallic Co and support are overlapping, but main signals from Co3O4 and/or CoO were not visible, indicating the formation of metallic species. For Co/γ-Al2O3 such assessment was not possible as the signals from support overlap with signals from cobalt oxides and metallic Co.

Figure 3 . 9 .

 39 Figure 3.9. (a) Conversion of alcohol ( ) and yields of ketone ( ) and H2 ( ) vs time, (b) H2 production vs time, for 2-octanol dehydrogenation over Co/TiO2 P25 catalyst, in o-xylene solvent.
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 310 Figure 3.10. Scheme of the possible 1,2-octanediol dehydrogenations.

  To achieve good catalytic performance, it is important to find an active metal in a given reaction. But to improve it, it is essential to understand the factors guiding the activity. As it was demonstrated in the literature, some reactions, like benzene hydrogenation1 and styrene oxidation, 2 are structure (shape) sensitive. The type of exposed facet can influence the activity and/or selectivity of the catalyst. Not much is known, up to now, about the shape sensitivity of acceptor-less alcohol dehydrogenation. Very recently two reports on Cu were published. In 2018, Hoyt et al. reported the DFT results, 3 according to which the (100) and (111) steps exhibit superior activity in alcohol dehydrogenation over Cu(111) close-packed facet. In the next (2019) year, the report of He et al. appeared, 4 in which the restructured Cu NPs, supported over SiO2, shown higher activity over the non-modified NPs in catalytic EtOH dehydrogenation. This effect was ascribed to the transformation of NPs surfaces from the more faceted shape, into more spherical shape. DFT computations confirmed such hypothesis. According to the modeling Cu(111) facet was less active than the stepped (211) surface. As we have shown in Chapter 3, Co supported catalysts are active in the acceptor-less alcohol dehydrogenation reaction. Nowadays, it is also possible to synthesize Co unsupported NPs, of well-defined shapes. 5 By this, they are exposing defined and known crystallographic facets, which can exhibit different activity in alcohol dehydrogenation, what will be discussed in Chapter 5.

From

  the thermodynamic point of view the most exposed should be the most stable surface -surface of the lowest surface energy. For hcp and fcc NPs they are the close packed (the most densely packed) (0001) and (111) facets, respectively. Indeed, for fcc type Co NP the most exposed facet is close packed (111) surface, as favored by the thermochemistry, and it occupies 70% of total surface area of NP. Other, open type (100), (

Figure 4 . 6 .

 46 Figure 4.6. EtOH dehydrogenation on Co(0001) surface. In red dehydrogenation via alkoxy pathway and in blue dehydrogenation via hydroxyalkyl pathway. All the energies are given in eV, '*' stands for the adsorption of species on the surface.

4. 3 .

 3 Alcohol dehydrogenation on different surfacesAiming at investigating structure sensitivity of alcohol dehydrogenation on cobalt surfaces, we modeled the dehydrogenation of primary (EtOH) and secondary (iPrOH) alcohol on different Co hcp and fcc type facets. Among hcp type surfaces we investigated the activity of close packed (0001), and open type(10-11),(10-10),(10-12),(11-20) facets, and among fcc type surfaces we studied the activity of close packed (111) facet, and open type (100), (110) and (211) surfaces. The conclusions about the activity of different surfaces are independent of the type of alcohol, hence, for simplicity, in this chapter only the results for EtOH dehydrogenation are presented and discussed, and the results for iPrOH can be found in the Annex. The selectivity towards primary vs secondary alcohol dehydrogenation will be discussed in part 4.5.

  It tends to adsorb by O atom, bounded in top position to metal. However, for open type surfaces O adsorption in bridge position is close in energy, only 0.05 eV higher. Ethoxy intermediate tends to bind to the surface with the maximum number of Co. It binds in bridge, three-fold (hcp or fcc) or square position, depending on the availability (existence) of the site on different surfaces. The adsorption strength seems not to depend on the type of surface by itself. It differs in the range of 0.30 eV, but no pattern of adsorption strength is noticeable. Carbonyl product (CH3CHO) preferentially binds to the surface via O and C atoms, what assures the interaction of π electrons from C=O group with surface metal atoms. They adsorb stronger on open type surfaces (up to 0.68 eV). The last of intermediates present along the reaction pathway is H • atom. It tends to adsorbed in positions coordinated by multiple cobalt atoms, to maximize the interactions with metal. Similarly as for alkoxy intermediate, its adsorption seems to be not influenced by the type of facet. Considering dehydrogenation of alcohol proceeding via hydroxyalkyl pathway, in many cases the C-H bond dissociation is possible from the most stable adsorption position of alcohol. It is conditioned by the presence of H (bounded with C α -the same C as OH group) pointing towards metal surface. However, even if such alcohol configuration is not the most stable among all possible, it differs only slightly in energy (by less than 0.10 eV) from the most stable one. Hydroxyalkyl intermediate (CH3CHOH • ) binds to the surface similarly as carbonyl product -via O and C atoms. It tends to adsorb in top positions on metal atoms, favoring σ type interactions. On open type surfaces it is stronger than on close packed surfaces, by 0.28-0.59 eV. Among different types of surfaces similar adsorption configurations are kept. For some of the species (alcohol, carbonyl product, hydroxyalkyl intermediate) the strength of adsorption is influenced by the type of facet. It tends to be weaker on close packed (0001) and (111) surfaces and stronger on open type facets.

Figure 4 . 8 .

 48 Figure 4.8. Energetic profiles for EtOH dehydrogenation via alkoxy pathway on different (a) hcp and (b) fcc surfaces. All the energies are given in eV, '*' stands for the adsorption of the species on the surface.

Figure 4 . 9 .

 49 Figure 4.9. Energetic profiles for EtOH dehydrogenation via hydroxyalkyl pathway on different (a) hcp and (b) fcc surfaces. All the energies are given in eV, '*' stands for the adsorption of the species on the surface.
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 41 Kinetics vs thermochemistry of elementary reaction 4.4.1.1. Bell-Evans-Polanyi (BEP) principle Brønsted-Evans-Polanyi (or Bell-Evans-Polanyi, BEP) principle 20,21 states that in the same family of reactions (elementary reactions, transformations) the activation energies of the reactions are proportional to their reaction enthalpies. E act = α∆H + E 0 E act -activation energy α -factor ∆H -enthalpy of reaction E 0 -constant, equal to activation energy when reaction is athermic In heterogeneous catalysis the elementary reaction (Figure 4.10), according to Langmuir-Hinshelwood mechanism, is consider as the transformation from the initial state (IS), which is a species adsorbed on the surface, and whose energy is the local minimum, proceeding through transition state (TS), towards the final state (FS), which is another species adsorbed and linear fitting indicate their good accuracy. Moreover, by the slope of the line it is possible to assess the earliness of the transition state. The bigger the α value is, the later (more product-like) is the transition state. This we would like to check for OH and CH bond dissociations in alcohol dehydrogenation on different cobalt surfaces. 4.4.1.2. Checking the relations between E act and ∆E for OH and CH bond breakings on different Co surfaces Plotting the relations between E act and ∆E for OH and CH bond scissions allowed us to analyze some properties of our systems in quicker and more generalized way. In such analysis the bigger the data set, the more relevant are the conclusions. Hence, the results concerning both EtOH and iPrOH dehydrogenation are considered simultaneously in this section. The corresponding plots for OH, CH, OH-CH and CH-OH transitions are presented on Figure 4.11. For the raw data, refer to the Tables 4.2. for EtOH and Table A.4.2 in Annex for iPrOH. To avoid misleading influence of H • adsorption (it differs up to 0.18 eV for different surfaces), ∆E are considered for the states where " # H2 is already desorbed from the surface.

Figure 4 . 11 .

 411 Figure 4.11. Graphs presenting relations between E act and ∆E for: (a) OH and CH bond scissions, (b) for OH-CH and CH-OH bonds dissociation on different cobalt surfaces. MAE stands for the mean absolute error and MAX stands for maximum absolute error. Their values are given in eV.

  generalized coordination number cn(i) -coordination number of i th atom neighboring with the chosen atom or ensemble of atoms (avoiding double counting) n MAX -maximum number of nearest neighbors for chosen atom or ensemble of atoms in bulk (avoiding double counting) n -amount of nearest neighbors for chosen atom or ensemble of atoms

Figure 4 . 12 .

 412 Figure 4.12. Example of top and bridge position for close packed (0001) facet. In greenthe atom(s) of a given position, in red -nearest neighbors in the same layer, in blue -nearest neighbors in the layer underneath. For better visualization atoms are presented with smaller radius (than the atomic radius).

  (a) Top position (b) Bridge position

and

  RuCl3 • x H2O was used as nucleating agent. During heating NPs of well-defined shapes were formed. The TEM image of obtained Co NRs is presented on Figure 4.14. HRTEM analysis revealed that the nanorods were exposing mainly (11-20) facets (on the side walls) and small amounts of (0001) surface on tips.

Figure 4 . 14 .

 414 Figure 4.14. TEM image of Co NRs obtained by polyol method.

E

  ele -electronic energy n = 4 for non-linear molecules and n = 3.5 for linear molecules k B -Boltzmann constant T -temperature, equal to 180℃ (453 K, as the reaction temperature) ZPE -zero-point energy S t ,S r ,S vib -translational, rotational and vibrational entropy components Adsorbates are considered to lose their rotational and translational degrees of freedom and have a diffusion energy that is higher than the thermal energy. Hence, their Gibbs free energies are considered as follow: G slab = E ele + ZPE -T×S vib G ads/slab = E ele + ZPE -T×S vib G slab -Gibbs Free Energy of slab G ads/slab -Gibbs Free Energy of the species adsorbed on a slab. ZPE and S vib are based on the harmonic vibration of the adsorbate. Frequencies lower than 50 cm -1 were neglected for them.
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 415 Figure 4.15. Reaction energy profiles for iPrOH dehydrogenation via alkoxy pathway on (a) (0001) and (b)(11-20) cobalt surfaces. In blue profile in electronic energy differences (∆E; without dipol correction) and in red in Gibbs Free Energy differences (∆G). All the energy values are given in eV. '*' stands for the adsorption of the species on the surface.

Figure 4 .

 4 Figure 4.12 for alkoxy pathway and on Figure A.4.3. in Annex for hydroxyalkyl pathway.
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 4161 Figure 4.16. Gibbs Free Energy profile for 1-PrOH (red) and iPrOH (green) dehydrogenation on Co(11-20) facet via alkoxy pathway. '*' means the adsorption of species on the surface.All the energies are given in eV.

  possible by Density Functional Theory (DFT) calculations. The activity of different close packed and open type hcp and fcc Co surfaces were studied towards primary and secondary alcohol dehydrogenation. The computations revealed that among the two possible reaction mechanisms, alkoxy pathway is preferred for all the Co surfaces. It is favored kinetically due to lower activation energy for OH bond breaking vs CH bond scission, and thermodynamically, as the alkoxy intermediate, present along it, is the most stable of all reaction species. The comparison of reaction energy profiles for different surfaces revealed that the OH bond breaking is easier on open type facets. Further, adsorption of alcohol and carbonyl product molecules occurred to be surface sensitive, whereas, the adsorption of alkoxy intermediate and H • was not. Among all the surfaces, (10-12), (211) and (11-20) were predicted to be the most active. Additional analysis of kinetic (Eact) vs thermochemistry (∆E) of reaction allowed to visualize that OH bond dissociation proceeds through transition states of different geometries, whereas CH, OH-CH and CH-OH transition states are similar in nature. It confirmed the CH bond breaking being late transition state, but it led to the misleading conclusions about the CH-OH and OH-CH transition state nature. Analysis of adsorption vs geometry relations revealed alcohol, carbonyl product and hydroxyalkyl intermediate being surface sensitive, whereas alkoxy intermediate and H • were not, what agreed with our earlier observations.The above findings open the gate towards guiding the acceptor-less alcohol dehydrogenation reaction using Co NPs of different shapes as catalysts. It will be further verified by joined experimental and theoretical investigations, described in the following Chapter 5.As the preliminary tests in Paris demonstrated, alcohol dehydrogenation was also chemoselctive. Co nanorods, exposing mainly(11-20) facet, were highly active towards secondary alcohol dehydrogenation (2-octanol), and almost not active towards primary alcohol dehydrogenation (1-octanol). DFT calculations allowed to explain that this selectivity comes from the difference in the reaction thermochemistry, and easier desorption of ketone than aldehyde from the catalyst surface. The proper comparison between computational and experimental results was possible while the energies were considered as Gibbs Free Energies.

  : controlled synthesis, extensive characterization, theoretical modeling. Aiming at investigating and understanding the activity of the shaped Co NPs in acceptor-less alcohol dehydrogenation, we also combined different approaches. Our project partners from LPCNO in Toulouse and ITODYS in Paris synthesized 14 Co samples of different shapes and protected with carboxylic ligands of different lengths, using polyol synthesis method. Catalytic testing of the samples allowed us to assess their activity towards model aliphatic secondary alcohol (2-octanol) dehydrogenation. Different characterization techniques (TEM, N2 physisorption, XRD, TGA-N2)

Figure 5 . 2 .

 52 Figure 5.2. Catalytic test results for 2-octanol dehydrogenation with L-R-1 catalyst. (a) H2 production (black line) vs time (b) Conversion of the 2-octanol X (〇), yield in hydrogen Y H 2 (black line), and in ketone (+) vs time,

  Our main question was if acceptor-less alcohol dehydrogenation is a structure sensitive reaction with Co catalysts. Hence, at first, we checked the relation between type and amount of exposed facet (expressed by the amount of Co atoms in the first layer of a given type of facet in a given mass of sample used in the reaction) and the catalytic activity, expressed by TON. Two graphs were prepared: the first one gathers the relation between TON and the amount of Co atoms exposed by close packed (0001) surface in the sample (Figure 5.3.a), and the second one relates the catalytic activity with the amount of Co atoms exposed by open type facets ((11-20) and (11-21)) in the catalysts (Figure 5.3.b). If the reaction will be structure sensitive, the activity should correlate with the amount of facet(s) of given type.

Figure 5 . 3 .

 53 Figure 5.3. Catalytic activity (TON) as a function of type and amount of exposed facet in a given mass of sample used in the reaction: (a) for close packed (0001) facet, (b) for open type (11-20) and (11-21) surfaces. Each point corresponds to a Co sample characterized in Table

2 .

 2 The shape of the symbol codes the shape of the Co nanoparticles: nanorods ( ), diabolos ( ), platelets ( ). The color of the symbols codes the decorating ligand: palmitate (blue), laurate (red), decanoate (orange), octanoate (green).
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 54 Figure 5.4. Catalytic activity (TON) as a function of the surface coverage by ligands. Each point corresponds to a Co sample characterized in Table5.1 and with its catalytic activity reported

Figure 5 . 5 . 4 .

 554 Figure 5.5. TEM images of catalysts L-R-1 (a, b) and P-R-3 (c, d), before (a, c) and after catalytic test (b, d).

Figure 5 . 6 .

 56 Figure 5.6. Catalytic activity (TON in mol mol -1 ) of the catalytically active samples as a function of the number of surface exposed Co atoms (10 -6 mol): (a) for the close-packed (0001) facet sites and (b) for the open facets ((11-20) and (11-21)) sites. Each point corresponds to a catalytically active Co sample (low coverage in ligands) characterized in Table 5.1 and with

  surfaces proceeds preferentially via alkoxy mechanism. Hence, we will focus on it.

Figure 5 . 7 .

 57 Figure 5.7. Catalytic alcohol dehydrogenation mechanism, on the example on iPrOH: top via hydroxyalkyl intermediate and bottom via alkoxy intermediate. '*' means adsorption of species on the surface.

Figure A. 5 .

 5 Figure A.5.6 in Annex.) On both surfaces, the adsorption of alcohol molecule is not stabilized, which will result in short contact time between the molecule and the metal surface. The OH bond breaking requires 0.70 eV and 0.10 eV of activation energy on (0001) and (11-20) facets, respectively.

Figure 5 . 8 .

 58 Figure 5.8. Gibbs Free Energy profiles (in eV) for iPrOH dehydrogenation via the alkoxy pathway on the Co(0001) facet (left side) and on the Co(11-20) facet (right side). Profiles with a solid lines correspond to bare surfaces, and with dashed lines to surfaces decorated with CH3COO • ligands (0.44A-Co(0001) and 0.75A-Co(11-20)). Adsorbed species are labelled with '*'.
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 58 Figure 5.8. (For the hydroxyalkyl pathway see Figure A.5.6 in Annex.) Considering the energy spans (the energy difference between the rate determining transition state and rate

  the corresponding bare surface by 0.71 eV. This stabilization appears because of the formation of H-bond and other non-covalent interactions between the alcohol molecule and the carboxylic ligands (O-H⋯O 1.84 Å, α-C-H⋯O 2.37 Å and 2.41 Å, Figure5.9.b). The alcohol adsorption on 0.44A-Co(0001) seems not to be impacted by the presence of the ligands (0.00 eV of adsorption energy change), but a closer look at the structure shows that the adsorption is weaker on (0001) surface is the deformation of ligands. The analysis also reveals the presence of well adapted reaction pocket (defect place in the ligand layer(s)) on the open type surface. Likewise, such analysis can be done for the transition states structures, showing that in the presence of ligands both the additional deformation and the decrease of interactions cause the increase in activation energies.

Figure 5 . 10 .

 510 Figure 5.10. Schematic illustration of energy decomposition into stabilizing and destabilizing interactions for molecules and intermediates adsorption on the surfaces with ligands. 'A' refers to the adsorption on bare surface, 'B' refers to the adsorption on surface covered with ligands.

  Both effects are acting simultaneously and can vary the activity of the metal surfaces in different ways. The results showed that the dehydrogenation is hindered on close packed Co(0001), because of the destabilization of species adsorption, whereas on open type Co(11-20) the effect of ligand is positive. The adsorption of alcohol substrate is stronger, what increases the contact time with surface, while the adsorption of the intermediate and product is destabilized, and as a result they are not poisoning the active sites.

  catalysts. Later, our partners from LPCNO in Toulouse and ITODYS in Paris synthesized unsupported ligand-decorated shaped Co NPs, by modifying the synthesis conditions using the polyol process. The different materials allowed us to investigate the surface (and ligand) sensitivity of the reaction. All the samples were tested at first towards dehydrogenation of 2-octanol taken as a model secondary alcohol. Subsequently, the most active of them were examined in the reaction with 1-octanol and 1,2-octanediol (model primary alcohol and diol, respectively), to assess their chemoselectivity. The dehydrogenation of diols was an important step towards the dehydrogenation of biomass-derived polyalcohols, our long-term goal. All of the samples were extensively characterized, and their properties were connected with the catalytic activity. The experimental investigations were completed with DFT modeling of the reaction pathways. This allowed us to compare the activity of different surfaces, determine the reason of the observed chemoselectivity, and also explain the role of ligands in the catalytic reaction.

  RuCl3•xH2O ([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed three times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃.Sample P-R-2To 100 mL of 1,2-butanediol, were added: the cobalt (II) palmitate called P2 (80 mM), RuCl3•xH2O ([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed three times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃.Sample P-R-3To 100 mL of 1,2-butanediol, were added: the cobalt (II) palmitate called P4 (80 mM), anhydrous RuCl3 ([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed three times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃.• Diabolos Sample L-DTo 100 mL of 1,2-propanediol, were added: the cobalt (II) laurate called L4 (80 mM), anhydrous RuCl3 ([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed three times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃.Sample P-DTo 100 mL of 1,2-butanediol, were added: the cobalt (II) palmitate called P4 (80 mM), anhydrous RuCl3 ([Ru]/[Ru+Co] = 2.5 mol%) and sodium palmitate (160 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed six times with 100 mL of methanol, and finally dried overnight in an oven at 50℃.• Platelets Sample L-PTo 100 mL of 1,2-propanediol, were added: the cobalt (II) laurate called L4 (80 mM), anhydrous RuCl3 ([Ru]/[Ru+Co] = 2.5 mol%) and sodium laurate (160 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed three times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃. For example, for sample L-R-2 + 9 975 nm 2 = 10 444 nm 2 = = 10.444 • 10 -15 m 2 V = S base × L TEM = 3√3 8 × d TEM ² × L TEM V = S base × L TEM = 3√3 8 × d TEM ² × L TEM = 3√3 8 × (19 nm)² × 175 nm = 41 033 nm 3 = = 41.033 • 10 -
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 4142 Figure A.4.1. Energetic profiles for iPrOH dehydrogenation via alkoxy pathway on different (a) hcp and (b) fcc surfaces. All the energies are given in eV, '*' stands for the adsorption of the species on the surface.
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 43 Figure A.4.3. Reaction energy profiles for iPrOH dehydrogenation via hydroxyalkyl pathway on (a) (0001) and (b)(11-20) surfaces. In blue profile in Electronic energy differences (∆E) and in red in Gibbs Free Energy differences (∆G). All the energy values are given in eV. '*' stands for the adsorption of the species on the surface.
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 4454 Figure A.4.4. Gibbs Free Energy profile for 1-PrOH (red) and iPrOH (green) dehydrogenation on Co(11-20) facet via hydroxyalkyl pathway. '*' means the adsorption of species on the surface. Energies are given in eV.
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 55 Figure A.5.5. TGA-N2 results analysis for L-R-1 sample. By solid line the weight change is given and by dashed line the heat flow is indicated.
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 256 Figure A.5.6. Gibbs Free Energy profiles (in eV) for iPrOH dehydrogenation via the hydroxyalkyl pathway on the Co(0001) facet (left side) and on the Co(11-20) facet (right side). Profiles with a solid lines correspond to bare surfaces, and with dashed lines to surfaces decorated with CH3COO • ligands (0.44A-Co(0001) and 0.75A-Co(11-20)). Adsorbed species are labelled with '*'.

Figure A. 5 . 7 .

 57 Figure A.5.7. 13 C-NMR spectra of the liquid samples collected (a) at the beginning and (b) at the end of the catalytic 1,2-octanediol dehydrogenation with L-R-1 catalyst. The samples are the mixture of decane (solvent) and reactants (1,2-octanediol and reaction product). The dehydrogenation of secondary OH group and formation of ketone is confirmed by the signal at chemical shift of 210 ppm, whereas the signal from aldehyde (expected at 200 ppm) is not present.
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 58 Figure A.5.8. 1 H-NMR spectra of the liquid samples collected from 1,2-octanediol dehydrogenation with L-R-1 catalyst: (a) at the end of the reaction and (b) superimposition of the spectra for the sample from the beginning (red) and the end (blue) of the catalytic test. The samples are the mixture of decane (solvent) and reactants (1,2-octanediol and reaction product). The dehydrogenation of secondary OH group and formation of ketone is confirmed by: singlet signal from -CH2CH2COCH2OH at 4.25 ppm, multiplet signal from -CH2CH2COCH2OH at 2.40 ppm and multiplet signal from -CH2CH2COCH2OH at 1.60 ppm.

  

Table 1 . 1 .

 11 Comparison of the reaction conditions employed in acceptor-less alcohol dehydrogenation in liquid phase.

	Catalyst	nalcohol : nmetal Solvent	Reaction atmosphere	Reactor	Temperature (℃)	Monitoring of H2 production	Reference
	5 wt% Pt/Al2O3	200 -10 000	o-Xylene (1.15 mL)	N2	Closed batch-type	144	Generated analysis quantitatively -GC	34
	1.4 wt% Ru/γ-Al2O3	25	Toluene (2.0 mL)	Ar	Closed batch-type	110	Not mentioned	35
	2.5 wt% Ru/AlO(OH)	15 -30	Toluene (5.0 mL)	Ar	Closed batch-type	80 -100	Not mentioned	36
	5 wt% Re/Al2O3	100	o-Xylene (1.0 mL)	N2	Closed batch-type	144	Not mentioned	37
	10 wt% Rh/C	5	H2O (1.0 mL)	Ar	Closed batch-type	100	Considered as confirmed proceeding -not	38
	0.06-0.5 wt% Au/HT	200 -1 670	p-Xylene (5.0 mL)	Ar or N2 (flow)	Batch-type reaction condenser vessel with a reflux	120	Not mentioned	39,40,41
	0.005 wt% Ag/HT	22 220	p-Xylene (5.0 mL)	Ar	Batch-type reaction condenser vessel with a reflux	130	Generated analysis quantitatively -GC	42
	5 wt% Ag/Al2O3	50	Toluene (3.0 mL)	N2	Batch-type reaction condenser vessel with a reflux	100	Generated analysis quantitatively -GC	45,43
	1.5 wt% Ag/SiO2-Fe2O3	500	Toluene (3.0 mL)	N2	Batch-type reaction condenser vessel with a reflux	110	Not mentioned	44

Table 1 .1. cont.

 1 

	Catalyst	nalcohol : nmetal Solvent	Reaction atmosphere	Reactor	Temperature (℃)	Monitoring of H2 production	Reference
	4.6 wt% Cu/HT	15	p-Xylene (5.0 mL)	Ar	Batch-type reaction condenser vessel with a reflux	130-160	Generated analysis quantitatively -GC	47
	8 wt% Cu/Al2O3	30	DMF (3.0 mL)	N2	Closed batch-type	120	Not mentioned	48
	7.4 wt% Cu/Cr2O3	50	DMF (3.0 mL)	N2	Closed batch-type	120	Not mentioned	49
	5 wt% Ni/θ-Al2O3	100	o-Xylene (1.15 mL)	N2	Closed batch-type	144	Generated analysis quantitatively -GC	50
	23 wt% Ni/NiAl-MMO 1	30	o-Xylene (7.15 mL)	Ar	Closed batch-type	170	Not mentioned	51
	5 wt% Co/TiO2	100	o-Xylene (1.15 mL)	N2	Closed batch-type	144	Generated analysis quantitatively -GC	10
	Re	50	Solvent-free (~0.8 mL)	Not mentioned	Batch-type reaction vessel with a reflux condenser, open to air	180	reaction 3 Determined for one	5
	Mo2N	3	DMSO (4.0 mL)	N2	Batch-type reaction condenser vessel with a reflux	150	Not mentioned	52
	Mo2C	n.a. 2	DMSO (4.0 mL)	N2	Closed batch-type	120	Not mentioned	53
	n.a.							

  modeled the methanol decomposition reaction for four different metals on their close-packed surfaces: Cu(111), Ru(0001), Pd(111) and Pt(111). The computations were performed applying PBE functional with Grimme D2 dispersion correction. Adsorption energies of species refer to the difference between the energy of the adsorbate on the surface Pd(111) and Pt(111) the chosen reaction pathway is undoubtful, as the most stable reaction intermediate is reached by the transition state, requiring lower activation energy. However, for Ru(0001) the situation is not as obvious. CH bond breaking requires less energy to be reached, thus we could have expected the reaction to proceed through

	For Cu(111), hydroxyalkyl pathway. But, this transformation is leading to the less thermodynamically
	favored intermediate ( • CH2OH is 0.39 eV less stable than CH3O • , whereas the difference in
	activation energies is equal only to 0.19 eV). Therefore, on Ru(0001) facet we can expect
	methanol decomposition to proceed via methoxy intermediate.	
	Syu et al. 69 systematically modeled EtOH dehydrogenation, for 9 different metals (Co(111),
	Ni(111), Cu(111), Rh(111), Pd(111), Ag(111), Ir(111), Pt(111) and Au(111)). The computations
		Cu(111)	Ru(0001)	Pd(111)	Pt(111)
			Adsorption energy (eV)	
	CH3OH	-0.38	-0.61	-0.48	-0.46
	CH3O •	-0.48	-1.23	-0.27	0.16
	• CH2OH	0.42	-0.84	-0.75	-0.68
			Activation energy (eV)	
	OH	1.20	0.83	0.95	0.87
	CH	1.33	0.64	0.64	0.81

and the energy of adsorbate in gas phase and surface. The preferred reaction pathway was assessed by comparing the activation energies for the bond breakings and the adsorption strengths of subsequently formed reaction intermediates (Table

1

.5). According to the results, the alcohol decomposition starting with OH bond dissociation is preferred on Cu and Ru surfaces, whereas CH bond breaking was favored on Pd and Pt facets. Such preference may be connected with oxophilicity of metals, as Cu and Ru are more oxophilic than Pd and Pt. 80 Table

1

.5. Adsorption energies and activation energies for the chosen states among methanol decomposition pathways on Cu(111), Ru(0001), Pd(111) and Pt(111) facets.

[START_REF] Garcı́a-Muelas | Density Functional Theory comparison of methanol decomposition and reverse reactions on metal surfaces[END_REF] 

Computations were performed with PBE functional with D2 dispersion correction. Adsorption energies of species refer to the difference between the energy of the adsorbate on the surface and the energy of adsorbate in gas phase and surface. Negative energy means stabilizing interactions.

were performed with PW91 functional, and no dispersion correction. Similarly, adsorption energies were considered as the energy difference between the energy of species on the surface and energy of species in gas phase and pure surface. The aim of the work was to understand the catalytic activity of Cu, Ag and Au metals by analyzing their chemical properties. For all of the metals CH3CH2OH (ethanol) and CH3CHO (acetaldehyde) were weakly bounded with the surfaces (Eads > -0.5 eV). On the other hand, CH3CH2O • (ethoxy), CH3CHOH •

(hydroxyethyl) and H • species were adsorbed much stronger. For example, ethoxy intermediate was adsorbed the weakest on Au (-1.33 eV) and the strongest on Co (-2.91 eV), indicating different oxophilicity of investigated metals. Moreover, it may be expected that Co will be blocked by alkoxy intermediate, whereas this should not occur for Au. Activation energies for bond breakings also differed depending on the nature of metal. The OH bond dissociation required only 0.44 eV on Co(111) (the lowest activation energy among different metals) and 1.13 eV on Au(111) (the highest among different metals). However, subsequent OH-CH bond dissociation seemed to be less influenced by the metal nature with no systematic change. Starting from ethoxy intermediate, this type of scission requires 1.64 eV on Cu(111) and 0.94 eV on Pt(111).

  Control of the anisotropic shape of cobalt nanorods in the liquid phase: from experiment to theory… and back. Nanoscale 6, 2682-2692 (2014).
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2.2.1. Synthesis of catalysts by wet impregnation method

All cobalt supported catalysts were synthesized by wet impregnation method. Either Co(NO3)2 • 6H2O or CoCl2 • 6H2O were used as precursors. Different materials were used as supports
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 21 Measurement data for H2 calibration line.

	H2

flow rate (mL min-1) H2 integration

  

				Integration H2 : Integration N2	%H2 : %N2
	10.00	1382330	43347	31.89	3.33
	7.50	1134145	46213	24.54	2.50
	5.00	808562	49776	16.24	1.67
	2.50	478342	52240	9.16	0.83
	1.00	214399	56566	3.79	0.33
	0.75	121927	56931	2.14	0.25
	0.50	96117	57018	1.69	0.17
	0.25	53120	56817	0.93	0.08
	0.15	30073	57874	0.52	0.05
	Liquid aliquots were also collected during the reaction, to analyze the concentration of alcohol
	and product(s) in liquid phase. They were analyzed with gas chromatography (Shimadzu,
	GC-2010, column ZB-FFAP, thermal program: gradient 40℃ → 230℃, 20 ℃ min -1 , isothermal
	230℃, 10 min, N2 used as carrier gas, FID detector). As the substrates 1-octanol (retention
	time 7.2 min), 2-octanol (6.3 min) and 1,2-octanediol (10.3 min) were used. For all of them

(a.u.) N2 integration (a.u.)
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 31 Co content and BET surface area for the catalysts.

	Catalyst a	Co content (wt%) c	Surface area (m 2 g -1 )
	Co/TiO2 P25	4.7	61
	Co/ZrO2	4.9	131
	Co/C b	4.8	1067
	Co/γ-Al2O3	4.8	111
	Co/ZnO	4.9	15
	Co/TiO2 P90	4.8	118
	Co/TiO2 DT51D	5.0	84
	Co/TiO2 SGNH	4.7	98
	Co/TiO2 home made	4.9	111
	a All the catalysts were calcined in air at 300℃, subsequently reduced in H2 at 400℃, and
	passivated in 1%O2/N2		

b 

Catalyst was not calcined c Determined by ICP-OES analysis
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 32 Temperatures of transformations for Co catalysts during TGA-H2 measurements at 5 ℃ min -1 , up to 600°C, under 50 mL min -1 of H2.

	Calcined catalyst	H2O (moisture) desorption (℃)	Elimination of chemisorbed H2O (℃)	Co3O4 → CoO (℃)	NO 3 -decomposition (℃)	CoO → Co (℃)
	Co3O4/TiO2 P25	60	200	320	350	450
	Co3O4/ZrO2	60	200	260	Not visible	440
			110 and 190 -			
	Co(NO3)2•6H2O/C *	60	decomposition of N-	350	Not visible	>600
			containing species			
			160 -decomposition			
			of N-containing			
	Co3O4/γ-Al2O3	60	species	300	Not visible	>600
			225 -chemisorbed			
			H2O			
	Co3O4/ZnO	Not visible	Not visible	250	Not visible	390
	Co3O4/TiO2 P90	60	210	310	Not visible	500
	Co3O4/TiO2 DT51D	60	190	320	Not visible	375
	Co3O4/TiO2 SGNH	60	200	300	Not visible	425
	Co3O4/TiO2 home made	60	200	310	Not visible	410
	* Catalyst was not calcined					

Table 3 .

 3 2. and Figure A.3.5. in Annex). After calcination at 300°C, the TGA-H2 experiments were conducted on Co/TiO2 P90, Co/TiO2 DT51D, Co/TiO2 SGNH and Co/TiO2 home made.
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	3. Conversion, selectivity and yields of 2-octanone and H2 for the dehydrogenation of
	2-octanol in different solvents. Reaction conditions: 500 mg of Co/TiO2 P25, 0.95 mol L -1
	2-octanol, 24 h, 145℃, Vtotal = 45 mL.			
	Solvent	X (%)	S (%)	Y (%)	Y H 2 (%)
	Decane	70	98	69	64
	Diisopentyl ether	64	>99.9	64	65
	o-Xylene	65	99.0	64	64
	GVL	0	n.a.	0	0
	DMSO	0	n.a.	0	0
	n.a. -not applicable				

Table 3 . 5 .

 35 Influence of used metal precursor. Reaction conditions: 500 mg of catalyst,

	0.95 mol L -1 2-octanol, decane, 24 h, 145℃, Vtotal = 45 mL.		
	Catalyst	X (%)	S (%)	Y (%)	Y H 2 (%)
	Co/TiO2 P25	70	98	69	64
	CoCl/TiO2 P25	5	n.a.	n.a.	1
	n.a. -not applicable				
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 36 Support effect in 2-octanol dehydrogenation. Reaction conditions: 500 mg of catalyst, 0.95 mol L -1 2-octanol, decane, 24 h, 145℃, Vtotal = 45 mL.

	Catalyst	X (%)	S (%)	Y (%)	Y H 2 (%)
	Co/TiO2 P25	70	98	69	64
	Co/ZrO2	10	>99.9	10	7
	Co/C	3	n.a.	n.a.	0
	Co600/C	3	n.a.	n.a.	0
	Co/γ-Al2O3	2	n.a.	n.a.	0
	Co600/γ-Al2O3	2	n.a.	n.a.	0
	Co/ZnO	3	n.a.	n.a.	0
	Co/TiO2 P90	72	90	65	62
	Co/TiO2 home made	66	95	63	62
	Co/TiO2 DT51D	3	n.a.	n.a.	0
	Co/TiO2 SGNH	30	99.5	30	29
	n.a. -not applicable				
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 37 Catalytic recyclability test for Co/TiO2 catalysts. Reaction conditions: 500 mg of catalyst, 0.95 mol L -1 2-octanol, decane, 24 h, 145℃, Vtotal = 45 mL.

	Catalyst	Reaction run	X (%)	S (%)	Y (%)	Y H 2 (%)
	Co/TiO2 P25	1 st 2 nd	70 51	98 >99.9	69 51	64 47
	Co/TiO2 P90	1 st 2 nd	72 23	90 >99.9	65 23	62 19
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	8. Catalytic dehydrogenation of 1-octanol. Reaction conditions: 500 mg of catalyst,
	0.95 mol L -1 1-octanol, decane, 24 h, 145℃, Vtotal = 45 mL.		
	Catalyst	X (%)	S (%)	Y (%)	Y H 2 (%)
	Co/TiO2 P25	10	86	9	9
	Co/TiO2 P90	2	n.a.	2	2
	n.a. -not applicable				

  mol% vs. 0.35 mol%). Nonetheless, it is more selective to the desired secondary OH group dehydrogenation product (90% vs 64% of selectivity reported in the paper).

	ratio (1 Table 3.9. Catalytic dehydrogenation of 1,2-octanediol. Reaction conditions: 1000 mg of
	catalyst, 0.95 mol L -1 1,2-octanediol, decane, 24 h, 145℃, Vtotal = 45 mL.	
	Catalyst	X (%)	S (%)	Y (%)	Y H 2 (%)
	Co/TiO2 P25	33	90	30	28
	Co/TiO2 P90	25	69	18	21
		OH			
		HO			
		1,2-octanediol		
	H 2			2 H 2	
	O			O	
	HO	H 2		O	
	1-hydroxy-2-octanone				2-oxooctanal
		OH			
		O			
		2-hydroxyoctanal		
					112

Table 3 .

 3 10. Catalytic dehydrogenation of 1,2-butanediol. Reaction conditions: 500 mg of catalyst, 0.95 mol L -1 1,2-butanediol, diisopentyl ether, 24 h, 145℃, Vtotal = 45 mL.

	Catalyst	X (%)	S (%)	Y (%)	Y H 2 (%)
	Co/TiO2 P25	38	n.a.	7	33
	n.a. -not applicable				
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 41 Exposed facets, their surface energy and surface area participation in the total surface area of free Co hcp and fcc NPs, obtained by Wulff construction, according to the literature.11,12 

			hcp Co NP				fcc Co NP	
		ES (meV Å -2 )	SA (%)		ES (meV Å -2 )	SA (%)
	Facet	Liu et al. 11	Chen et al. 12	Liu et al. 11	Chen et al. 12	Facet	Liu et al. 11
	(10-11)	149	152	35	29	(111)	127	70
	(10-10)	140	143	28	28	(100)	154	12
	(0001)	131	134	18	14	(311)	156	10
	(10-12)	156	159	12	9	(110)	151	8
	(11-20)	155	157	6	6			
	(11-21)	163	166	1	1			
	(10-15)	n.d.	154	n.d.	6			
	(11-22)	n.d.	164	n.d.	6			
	(11-24)	n.d.	165	n.d.	2			
	ES -surface energy						
	SA -surface area participation					
	n.d. -not determined						

  whereas, CH3CHOH • interacts with the surface by O (in top position) and C (in bridge position) atoms. While comparing the adsorption strength of these two reaction intermediates, it is clear that EtO • is more stable, as it is bounded stronger with the surface by 1.02 eV.Additionally, it is the most stable intermediate among all occurring during the reaction. This means that reaching this state is thermodynamically preferred by the system (it is resting state of the reaction). From the intermediate state, second bond breaking is necessary to obtain desired reaction products -aldehyde and H2. Along the alkoxy pathway OH-CH bond scission occurs, and among the hydroxyalkyl pathway CH-OH bond dissociation takes place. They require 0.88 eV and 0.66 eV of activation energy, respectively. The CH bond of EtO • is elongated to 1.57 Å (Figure 4.7.g), indicating late transition state. The OH bond of CH3CHOH

• is extended to 1.35 Å (Figure 4.7.h), which is longer than the length of OH bond dissociation from EtOH. This implies the different nature of this bond dissociation -TS CH-OH is later transition state than TS OH. These elementary reactions are leading to the formation of corresponding aldehyde (CH3CHO, acetaldehyde) and 2 H • atoms, adsorbed on the surface. CH3CHO adsorbs to the surface via O (hcp) and C (top) atoms. The desorption of acetaldehyde and H2 from the surface (final stage of the catalytic cycle) is endothermic -it requires the input of energy to the system.

Concluding, alkoxy mechanism is the preferred reaction pathway for alcohol dehydrogenation on cobalt (0001) surface. The initial OH bond breaking is less demanding than CH bond scission. Additionally, it is leading to the formation of alkoxy intermediate, which is the most stable among all the reaction species. Hence, making this mechanism thermodynamically and kinetically favored. Our findings are in line with the one from Luo and Asthagiri

13 

and Sutton and Vlachos

14 

, what validates our computations.
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 4 2. for EtOH and TableA.4.2. in Annex for iPrOH. The geometries of transition states are conditioned by the type of surface. The energy variations can be related to the geometries of transition states. On (0001), (111) and (10-11) surfaces O is coordinated by 3 Co atoms, whereas on the open surfaces it is bounded only by 2 Co atoms. Hence, the changes in O coordination between alcohol adsorption and TS are bigger in the former, than in the later case, resulting in increase of activation energy. The exception is (10-10) facet, for which O is also coordinated by 2 Co atoms, but H is in transfer position to another metal row, what requires additional energy input. The alkoxy intermediate is an initial state for OH-CH bond dissociation. In this transition state, O still tends to be coordinated by few Co atoms, similarly as alkoxy intermediate. However,C is also adsorbed on the surface (usually on top site) and H tends to be adsorbed on highly coordinated position. Such geometry starts to resemble the configuration of carbonyl product.

	However, some observations can be made.
	Along the alkoxy pathway OH bond breaking occurs as the first one. For molecule in transition
	state, O tends to be coordinated by few Co atoms. The OH bond is elongated to 1.25-1.38 Å,
	from 0.98 Å in alcohol molecule. Hence, it is in between early and late transition state.

Activation energy for this bond dissociation is equal to ~0.7 eV for close packed surfaces,

(10-11) 

and

(10-10) 

facets. And for the remaining open type surfaces it requires 0.34-0.46 eV of energy input, which are significantly lower values. CH bond is elongated to 1.50-1.73 Å, from 1.10 Å in alkoxy intermediate. It is the longest on (10-10) facet, where the dissociated H has to be transferred to another metal row. Based on these similarities, it can be named late transition state. Activation energy necessary for OH-CH bond scission is equal to 0.65-0.94 eV, and shows no dependency on the type of surface. Among the hydroxyalkyl pathway CH bond breaking occurs as the first one. In transition state, alcohol molecule adsorbs to the surface via O (in top position) and C (in top position), H tends to bind in position coordinated by few metal atoms. Such configuration resembles the geometry of hydroxyalkyl intermediate, which indicates, that this transition state is late transition state. CH bond is elongated to 1.44-1.56 Å, from 1.10 Å in alcohol. The activation energy is equal to 0.68-0.88 eV, being the highest for close packed surfaces.

pathway. We observe the highest value for it on (110) facet, when H is in the transfer position to another metal row.
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 42 Transition states configurations, dissociated bonds lengths and activation energies for different bond breakings, and energy differences between the state preceding (initial state, IS) and following (final state, FS) given TS along the EtOH dehydrogenation pathways. E act stands for the activation energy of a given transition state, ∆E FS-IS stands for the energy of elementary reaction (energy difference between the state following and preceding given transition state). Species signified with '*' are considered as adsorbed on the surfaces. All the adsorption positions refer to the 1 st layer of metal, unless stated otherwise. All the energies are given in eV.

	Surface	TS OH configuration	O-H bond length (Å)	E act OH	∆E EtO * +H * -EtOH *	∆E EtO * + 1 2 -EtOH * H 2	TS OH-CH configuration	C-H bond length (Å)	E act OH-CH	∆ECH 3 CHO+ H * -EtO *	∆ECH 3 CHO+ 1 2 H 2 -EtO *
	(0001)	O -hcp, H -fcc	1.26	0.74	-0.77	-0.21	O -hcp, C -top, H -fcc	1.57	0.88	0.44	1.00
	(10-11)	O -fcc, H -hcp	1.26	0.70	-0.91	-0.25	O -fcc, C -top, H -bridge	1.54	0.80	0.19	0.84
	(10-10)	O -bridge, H -bridge (between 1 st and 2 nd layer)	1.38	0.72	-0.59	0.00	O -bridge, C -bridge row) between rows, H -bridge (another	1.73	0.75	0.17	0.77
	(10-12)	O -bridge, H -top (3 rd step)	1.34	0.42	-0.69	-0.16	O -bridge, C -top, H -bridge	1.51	0.70	0.06	0.59
							O -bridge, C -top,				
	(11-20)	O -bridge, H -bridge	1.31	0.46	-0.69	-0.18	H -bridge (between	1.60	0.89	0.15	0.65
							1 st and 2 nd layer)				
	(111)	O -hcp, H -fcc	1.25	0.74	-0.78	-0.20	O -hcp, C -top, H -fcc	1.55	0.90	0.44	1.02
	(100)	O -bridge, H -bridge	1.31	0.42	-0.72	-0.24	O -bridge, C -top, H -bridge	1.53	0.94	0.13	0.61
	(110)	O -bridge, H -bridge between rows	1.33	0.34	-0.68	-0.18	O -bridge, C -top, H -bridge	1.54	0.65	0.13	0.63
	(211)	O -bridge, H -bridge (3 rd step)	1.33	0.36	-0.72	-0.15	O -bridge, C -top, H -bridge	1.50	0.65	0.21	0.78
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 4 To assess the relative activity of different surfaces we have to take a look on all the obtained results together, what can be done comparing reaction energy profiles. As it was mentioned, the preferred reaction mechanism may depend on the type of surface, hence at first it has to be determined. The dehydrogenation of EtOH via alkoxy and hydroxyalkyl pathways are presented on Figures 4.5 and 4.6. (For iPrOH the profiles are gathered on Figure A.4.1 and A.4.2 in Annex.) While comparing the two dehydrogenation pathways for different surfaces, it is clearly visible that the reaction proceeds preferentially via alkoxy mechanism on all of them. The activation energy for OH bond breaking is lower than the energy necessary to break the CH bond in the alcohol molecule (it is kinetically favored). Additionally, it leads to the formation of alkoxy intermediate, which is the most stable intermediate on all the surfaces (it is favored Owing to the fact that we already know which reaction pathway is preferred, to assess the relative activity of different surfaces we can compare their energy profiles for alcohol dehydrogenation via alkoxy mechanism. As it is illustrated on Figure 4.8, and which was mentioned before, the adsorption of alcohols and carbonyl products is stronger on the open type surfaces. Moreover, the OH bond dissociation energy barriers are lower for them than for close packed (0001) and (111) facets. From the profiles we cannot directly compare the adsorption strength of alkoxy intermediate, as it is shaded by H • adsorption. But, as it was already stated, neither the adsorption of alkoxy intermediate, neither adsorption of H • show a regular structure dependency.Taking all the findings into account, we can conclude that the alcohol dehydrogenation is a structure sensitive reaction, and it is supposed to proceed preferentially on open type surfaces over close packed facets, especially due to decreased OH bond scission activation energies for them. Making a prediction, we can name(10-12) and (211) stepped facets, together with(11-20) zig-zag type surface, as the most active cobalt surfaces for acceptor-less alcohol dehydrogenation reaction.To the best of our knowledge, the structure sensitivity of alcohol dehydrogenation was not investigated yet on cobalt surfaces. However, He et al. reported the EtOH dehydrogenation on close-packed Cu(111) and stepped Cu(211) facets, modeled by DFT computations.4 Their results revealed that adsorption of reaction species is enhanced on the stepped surface. And the activation energies of OH and OH-CH bond scissions are lower on the stepped surface than on close packed facet (by 0.46 eV and 0.31 eV, respectively). While we compare exclusively

	Surface	TS CH configuration	C-H bond length (Å)	E act CH	∆E CH 3 CHOH * + H * -EtOH *	∆ECH 3 CHOH+ 1 2 H 2 -EtOH *	TS CH-OH configuration	O-H bond length (Å)	E act CH-OH	∆E CH 3 CHO * + H * -CH 3 CHOH *	∆E CH 3 CHO * + 1 H 2 -2 CH 3 CHOH *
	(0001)	O -top, C -top, H -hcp	1.56	0.87	0.25	0.81	C -bridge, O -top, H -fcc	1.35	0.66	-0.57	-0.02
	(10-11)	O -top, C -top, H -hcp	1.55	0.79	0.04	0.70	C -bridge, O -top, H -bridge	1.35	0.56	-0.76	-0.10
	(10-10)	O -top, C -bridge, H -bridge	1.47	0.82	0.11	0.70	C -bridge, O -top, rows H -bridge between	1.37	0.55	-0.52	0.08
	(10-12)	O -top, C -top, H -bridge	1.45	0.76	0.09	0.62	C -bridge, O -top, 1 st and 2 nd step) H -bridge (between	1.38	0.61	-0.72	-0.19
	(11-20)	O -top, C -top, H -bridge	1.53	0.80	0.19	0.70	C -top, O -top, rows H -bridge between	1.39	0.60	-0.68	-0.17
	(111)	O -top, C -top, H -hcp	1.56	0.88	0.24	0.81	C -bridge, O -top, H -fcc	1.35	0.66	-0.57	0.00
	(100)	O -top, C -top, H -bridge	1.50	0.83	0.13	0.61	C -top, O -top, H -bridge	1.40	0.69	-0.72	-0.24
	(110)	O -top, C -top, H -bridge	1.45	0.71	0.18	0.68	C -bridge, O -top, rows H -bridge between	1.36	0.45	-0.74	-0.24
	(211)	O -top, C -top, H -bridge	1.44	0.68	-0.01	0.56	C -bridge, O -top, H -top (3 rd step)	1.39	0.58	-0.51	0.06

thermodynamically). Further, from alkoxy intermediate the following OH-CH bond scission is preferred over recombination to alcohol substrate, due to the activation energy differences for elementary reactions. This is not the case for hydroxyalkyl intermediate, for which, even if it will be formed, it is kinetically and thermodynamically preferred to reconstruct the alcohol.

Kinetically, because the activation energy to form carbonyl product is higher than the activation energy of hydrogenation to form alcohol, and thermodynamically because alcohol molecule is adsorbed stronger than hydroxyalkyl intermediate (and H • ), what is preferential for the system. the adsorption of species on Co(111) and Co(211) surfaces, our findings agree with the literature. We observed stronger adsorption of species on (211) facet, and found OH and OH-CH bond dissociations being easier by 0.38 eV and 0.25 eV, respectively, between these two fcc type surfaces.
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 43 Slope (a), intercept (b), mean absolute error (MAE) and maximum absolute error (MAX) values for the linear fitting of data.

	Species	a (eV)	b (eV)	MAE (eV)	MAX (eV)
	EtOH	0.13	-1.73	0.05	0.11
	iPrOH	0.14	-1.92	0.06	0.10
	EtO	0.10	-1.66	0.07	0.19
	iPrO	0.08	-1.69	0.07	0.19
	CH3CHO	0.24	-1.84	0.14	0.25
	CH3COCH3	0.24	-1.80	0.05	0.10
	CH3CHOH	0.21	-1.56	0.09	0.18
	CH3COHCH3	0.30	-2.16	0.07	0.12
	H •	-0.05	-0.24	0.03	0.09
	For almost all the cases MAE and MAX do not exceed 0.10 eV and 0.20 eV (except CH3CHO),
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 44 Activation energies for the bond breakings occurring among the alcohol dehydrogenation pathways, expressed as electronic energies and Gibbs Free Energies.

			Activation energy	
	Bond breaking	(0001)		(11-20)	
		E (eV)	G (eV)	E (eV)	G (eV)
	OH	0.74	0.72	0.48	0.08
	OH-CH	0.88	0.62	0.84	0.46
	CH	1.07	0.94	0.80	0.39
	CH-OH	0.65	0.50	0.68	0.37

  by varying the preparation conditions.

	(For details see Chapter 2.2.3 and Annex, part A.2.1.) During the synthesis, a polyol is used
	both as a solvent and as a reducing agent. In our synthesis protocols 1,2-butanediol or
	1,2-propanediol were used. NaOH was used to ensure basic conditions (0.075 or
	0.160 mol L -1 ). And RuCl3 • xH2O or RuCl3 were used as nucleating agents. The synthesis
	proceeded with or without stirring. Different cobalt carboxylates (cobalt laurate -C12,
	palmitate -C16, heptanoate -C7, octanoate -C8 and decanoate -C10) were used as cobalt
	precursors. The carboxylic ligands served also as stabilizing agents for the NPs surfaces.
	For each sample the synthesis protocol differed.
	Three series (14 samples together) of Co NPs were prepared by our project partners. First
	series consisted of samples covered with laurate ligands (L), possessing different shapes. They
	were: nanorods (R) of different lengths, diabolos (D) and platelets (P). Second series of
	catalysts was protected with palmitate ligands (P) and it also contained samples of different
	shapes. The third series was composed of Co nanorods protected by carboxylic ligands of
	different lengths: heptanoates (H), octanoates (O) and decanoates (D). Samples are named
	according to the role: type of ligand -shape -order number (if necessary). For example,
	sample L-R-1 is a sample protected with laurate ligands (L), being nanorods (R) in shape, with
	the order number of 1.

Table 5 . 1 .

 51 Characterizations of unsupported shaped Co nanoparticles obtained by polyol synthesis method.

	Sample 1	Ligand	Shape	(0001) (%)	Exposed facets (11-20) (%)	(11-21) (%)	SSAC 2 (m 2 g -1 )	∆m TGA-N 2 (wt%)	3	Surface coverage (mol m -2 10 -6 )
	L-R-1	C12 -Laurate	Nanorods	5	95	0	29	9.6		18
	L-R-2	C12 -Laurate	Nanorods	6	94	0	26	10.2		22
	L-R-3	C12 -Laurate	Short nanorods	35	20	45	39	28.4		51
	L-R-4	C12 -Laurate	Nanorods without tips	6	94	0	39	11.4		17
	L-D	C12 -Laurate	Diabolos	38	0	62	27	10.9		23
	L-P	C12 -Laurate	Platelets	78	22	0	36	12.0		19
	P-R-1	C16 -Palmitate	Long nanorods	5	95	0	27	41.2		102
	P-R-2	C16 -Palmitate	Short nanorods	8	92	0	35	31.9		52
	P-R-3	C16 -Palmitate Very short nanorods	14	86	0	47	59.7		123
	P-D	C16 -Palmitate	Diabolos	35	0	65	39	62.5		167
	P-P	C16 -Palmitate	Platelets	67	33	0	28	44.4		112
	H-R	C7 -Heptanoate	Nanorods	-	-	-	-	9.7		-
	O-R	C8 -Octanoate	Nanorods	8	92	0	22	6.4		22
	D-R	C10 -Decanoate	Nanorods	5	95	0	23	8.4		23
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	2. Catalytic 2-octanol dehydrogenation using Co shaped nanoparticles decorated with
	carboxylate ligands. Reaction conditions: mcat = 0.025 g, nalc : ncat = 100, 0.95 mol L -1 2-octanol,
	decane, 24 h, 145℃, Vtotal = 45 mL.			
	Sample	X (%)	Y (%)	Y H 2 (%)	TON (mol mol -1 )
	L-R-1	35	35	30	1140
	L-R-2	32	32	27	1170
	L-R-3	4	4	2	70
	L-R-4	34	34	28	830
	L-D	32	32	30	610
	L-P	35	35	33	600
	P-R-1	2	2	1	90
	P-R-2	3	3	1	100
	P-R-3	9	9	7	350
	P-D	1	1	1	70
	P-P	16	16	15	430
	H-R	22	22	17	n.a.
	O-R	23	23	19	890
	D-R	25	25	23	970
	n.a. -not applicable				
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 5 2. and details for TON calculations for the other samples are gathered in Table A.5.1. The exact example of TON counting is presented in part A.2.4 in Annex.

  • is the most stable intermediate. It is more strongly adsorbed on the (11-20) facet by 0.12 eV. Similarly, H • is adsorbed more strongly on this open surface

	by 0.06 eV. The second OH-CH bond breaking requires 0.63 eV and 0.48 eV of activation
	energy on (								
				Hydroxyalkyl path			
				CH 3 COHCH 3 * + H*				
	H			OH	H				
	OH	H	TS CH	Co		TS CH-OH				O	O	H 2
		OH		H			O	H	H	H H
	iPrOH Co	iPrOH* Co	TS OH	O	H	TS OH-CH	CH 3 COCH 3 * + 2H* Co	CH 3 COCH 3 + 2H* Co	CH 3 COCH 3 + H 2 Co
				Co					
				iPrO* + H*				
				Alkoxy path				

  facets it is equal to 1.13 eV and decreases to 0.99 eV. Taking a closer look at the adsorption of reaction species, it can be noticed that they are destabilized on (0001) facet (despite of iPrOH), and by this the contact time between them is decreased. However, on(11-20) surface the effect of ligands presence is different. Adsorption of iPrOH is enhanced, whereas adsorption of iPrO • and CH3COCH3 is destabilized. After all, this has positive effect, as it increases the contact time between the surface and substrate, and later allows to avoid the blocking of active sites by alkoxy intermediate and carbonyl product. The activation energies for OH and OH-CH bond scissions increase in the presence of ligands for both surfaces (Table5.4). But since they are still lower for open type facet, this makes it more active than the close packed surface.
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 54 Activation energies for OH and OH-CH bond breakings on bare and ligand covered Co(0001) and Co(11-20) surfaces. All the values are given in eV.

	Bond breaking	Co(0001)	0.44A

-Co(0001) Co(11-20) 0.75A-Co(11-20)

  

	OH	0.70	0.90	0.10	0.65
	OH-CH	0.62	1.03	0.48	0.99
	Let us now analyze in more details the origin of this differentiated influence of ligands for the
	two surfaces. The adsorption of iPrOH is stronger on 0.75A-Co(11-20) than on
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 55 Gibbs Free Energy change for the adsorption of molecules and intermediates, between bare surface and surface covered with ligands. The change is a sum of deformations and interactions energies (see Figure 5.10). All the energies are given in eV. ∆G molecule + ∆G ligands -∆G slab + ∆G interactions ∆G deformations = ∆G molecule + ∆G ligands -∆G slab ∆G -difference of adsorption energy between the molecule adsorbed on the bare surface and the surface covered with ligands ∆G molecule -change of Gibbs Free Energy for a molecule between its state on bare surface (BS) and surface covered with ligands (LS) ∆G ligands -change of Gibbs Free Energy for ligands between the state without and with co-adsorbed molecule ∆G slab -change of Gibbs Free Energy for slab between BS and LS∆G interactions -change of Gibbs Free Energy of interactions between reactant molecule and ligands, between BS and LSTo sum up, the presence of carboxylic ligands improves the activity of the surfaces.The adsorption of substrate is stabilized by H-bond interactions, and thanks to the steric hindrance the desorption of carbonyl product is facilitated. A little drawback is the increase of activation energies for OH and OH-CH bond dissociations, but the barriers are still reachable at 145℃ and the scissions can occur. The comparison between open type surface and close packed surface covered with ligands still shows better activity of the former, dictated by lower energy span and lower activation energies for bond dissociations. That means that even

	Surface	Surface species	∆G (eV)	∆G molecule (eV)	∆G ligands (eV)	∆G slab (eV)	∆G deformations (eV)	∆G interactions (eV)
		iPrOH	0.00	0.41	0.48	0.12	0.77	-0.77
		TS-OH	0.21	0.23	0.44	0.09	0.58	-0.38
	0.44A-Co(0001)	iPrO H	0.30 0.15	0.24 0.04	0.49 0.19	0.05 0.00	0.68 0.23	-0.38 -0.08
		TS OH-CH	0.73	0.28	0.79	0.12	0.95	-0.22
		Acetone	0.15	0.55	0.47	0.08	0.94	-0.79
		iPrOH	-0.71	0.15	0.04	0.04	0.15	-0.86
		TS-OH	-0.16	0.29	0.12	0.16	0.25	-0.41
	0.75A-Co(11-20)	iPrO H	-0.09 0.20	0.15 0.12	0.15 0.08	0.05 0.08	0.25 0.12	-0.34 0.08
		TS OH-CH	0.41	0.58	0.43	0.15	0.86	-0.45
		Acetone	0.35	0.53	0.08	0.09	0.52	-0.17
			∆G =					
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 56 Catalytic alcohol dehydrogenation using Co shaped nanoparticles decorated with

	carboxylate ligands. Reaction conditions: mcat = 0.025 g, nalc : ncat = 100, 0.95 mol L -1 2-octanol,
	decane, 24 h, 145℃, Vtotal = 45 mL. All the catalytic tests were performed with L-R-1 sample.
	Y stands for the yield of the carbonyl product (2-octanone, octanal and 1-hydroxy-2-octanone,
	respectively for 2-octanol, 1-octanol and 1,2-octanediol).		
	Sample	Alcohol	X (%)	Y (%)	Y H 2 (%)
		2-octanol	35	35	30
	L-R-1	1-octanol	10	9	7
		1,2-octanediol	20	20	19

  After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed four times with 50 mL of absolute ethanol, and finally dried overnight in an oven at 50℃. Samples prepared using heptanoate, octanoate and decanoate capping agents were labelled H-R, O-R and D-R, respectively.

	•6H2O was added slowly into the former solution under vigorous stirring using an Ultra-Turax homogenizer. The suspension was stirred for 30 min to obtain a pink powder of cobalt laurate, respectively cobalt palmitate, floating on the water solution. The pink powders were isolated using Buchner Funnel Filtration Process. Several phases were obtained depending on the drying procedure. The dihydrate cobalt laurate Co(C11H23CO2)2•2H2O and cobalt palmitate Co(C15H31CO2)2•2H2O, hereafter called L1 and P1, respectively, were obtained after a drying at 50℃ for 20 hours. The anhydrous cobalt laurate called L2 was obtained drying the compound L1 at 50℃ for 3 days. The anhydrous cobalt laurate called L3 was obtained drying the compound L1 at 50°C for 7 days. The anhydrous cobalt laurate called L4 was obtained drying the compound L1 at 100℃ for 30 min. The anhydrous cobalt palmitate called P2 was obtained by drying the compound P1 at 65℃ for 22 h. The anhydrous cobalt palmitate, called P3, was obtained drying the compound P1 at 85℃ for 15 h. The anhydrous cobalt palmitate called P4 was obtained drying the compound P1 at 100℃ for 30 min. A.2.1.3. Preparation of the Co NPs • Rods Samples H-R, O-R and D-R To 100 mL of 1,2-butanediol, were added: the cobalt (II) carboxylate precursor (80 mM), RuCl3•xH2O ([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic To 1 L of 1,2-butanediol, were added: the cobalt (II) laurate called L2 (80 mM), RuCl3•xH2O ([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed four times with 100 mL of absolute ethanol, and finally dried overnight in an oven at 50℃. Sample L-R-2 cobalt. Sample L-R-1 To 1 L of 1,2-butanediol, were added: the cobalt (II) laurate called L1 (80 mM), RuCl3•xH2O

([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After

  of the solution turned black, indicating the reduction of Co(II) into metallic cobalt.

1,2-butanediol, were added: the cobalt (II) laurate called L3 (80 mM), RuCl3•xH2O ([Ru]/[Ru+Co] = 2.5 mol%) and sodium hydroxide (75 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until 200 the color
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 A 8.86• 10 -6 g m -3 × 41.033 • 10 -27 m 3 = 29 m 2 gA.2.2.2. Proportions of different exposed surfaces in the sampleThe proportion of a given surface in the total exposed surface area of sample can be calculate Example concerns the L-R-1 sample (laurate protected nanorods, of the order number 1).Example concerns the L-R-1 sample (laurate protected nanorods, of the order number 1). 4.1. Adsorption positions and energies for molecules and intermediates along the alkoxy and hydroxyalkyl dehydrogenation pathways of EtOH and iPrOH. All the energies are given in eV. Only the most stable adsorption positions are given. CN 7777 stands for generalized coordination number. When the adsorption is taking place by two atoms, CN 7777 is given as the average of the CN 7777 s for the adsorption positions.

	A.2.3. Surface coverage -example of calculations
			Surface coverage =	n ligands SA
	n ligands =	∆m TGA-N 2 100 × m sample M ligands	=	9.6 100 × 0.025g mol 199.31 g	= 12.0 × 10 -6 mol
	SA = SSA C × ( Eads is considered as follow: m Co 100 (a) for alcohol = 29 m 2 × m sample ) = SSA C × , g × , E ads = E alcohol@slab -E slab -E alcohol -100-∆m TGA-N 2 . 100 (100-9.6) 100 × 0.025g/ = 0.6554m 2 × m sample / = Where:
	Surface coverage = E alcohol@slab -energy of alcohol molecule adsorbed on the surface n ligands SA = 12.0 × 10 -6 mol 0.6554m 2 = 18 × 10 -6 mol m 2 E slab -energy of the surface
	E alcohol -energy of alcohol in gas phase	
	(b) for alkoxy intermediate			
		E ads = (E alkoxy@slab +	1 2	E H 2 ) -E slab -E alcohol
	n converted substrate E alkoxy@slab -energy of alkoxy intermediate adsorbed on the surface TON = n surface Co atoms E H 2 -energy of H2 in gas phase
	(c) for carbonyl product	n converted substrate = 0.01529 mol
	with the following formula: n surface Co atoms = SA× 2, %(0001) 100 E ads = (E carbonyl@slab +E H 2 ) -E slab -E alcohol ×δ Co(0001) / + , %(11-20) 100 ×δ Co(11-20) / + , E carbonyl@slab -energy of carbonyl product (aldehyde or ketone) adsorbed on the surface %(11-21) 100 ×δ Co(11-21) /3
	%surface = SA = SSAC´mCo S surface × 100% (d) for hydroxyalkyl intermediate S total For example, sample L-R-1 is exposing (0001) and (11-20) facets. Their proportion in the m Co = m cat × 100%-∆m TGA-N 2 E ads = (E hydroxyalkyl@slab + 1 2 E H 2 ) -E slab -E alcohol 100% sample can be calculated as follow: %surface = S surface × 100% m Co = 0.0257 g × , (100-10.4) 100 E hydroxyalkyl@slab -energy of hydroxyalkyl intermediate adsorbed on the surface / =0.0230 g (e) for H atom S total %(0001) = S (0001) S total × 100% = 3√3 * d TEM 2 + 2 S total × 100% = 469 nm 2 SA = 29 m 2 ×0.0230 g=0.67 m 2 E ads = E H@slab -E slab -1 E 2 H 2 g 10 444 nm 2 × 100% = 5% %(11-20) = S (11-20) S total × 100% = 6 × L TEM × d TEM 2 S total × 100% = = 13.36•10 -6 mol 10 444 nm 2 × 100% = 95% 9 975 nm 2 n surface Co atoms = 0.67m 2 × 4$ 5 100 ×31.42×10 -6 mol m 2 % + $ 95 100 ×19.35×10 -6 mol m 2 % + $ 0 100 ×37.23×10 -6 mol m 2 %5 = E H@slab -energy of hydrogen atom adsorbed on the surface
		TON=	0.01529 mol 13.36×10 -6 mol	≅ 1140	mol mol
						205

A.2.4. Turnover number -example of calculations
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 A 4.1. The most stable adsorption positions for the alcohol dehydrogenation reaction species, their adsorption energies (in eV) and generalized coordination numbers (CN !!!! s; unitless) of their positions, on different hcp and fcc type surfaces. When the adsorption takes place via two atoms, its CN !!!! is taken as an average of the adsorption positions CN !!!! s for these atoms.

	Surface	Position	EtOH	E ads	CN !!!!	Position	iPrOH	E ads	CN !!!!
	(0001)	O -top		-0.70	7.51	O -top		-0.82	7.51
	(10-11)	O -top		-0.93	6.85	O -top		-1.07	6.59
	(10-10)	O -top		-0.91	6.68	O -top		-1.01	6.68
	(10-12)	O -bridge (O -top)		-1.00 (-0.99)	5.51 (5.68)	O -bridge (O -top)		-1.16 -1.13	5.51 (5.68)
	(11-20)	O -top		-0.93	5.80	O -top		-1.00	5.80
	(111)	O -top		-0.70	7.51	O -top		-0.82	7.51
	(100)	O -top		-0.79	6.68	O -top		-0.90	6.68
	(110)	O -top		-0.89	5.84	O -top		-0.99	5.84
	(211)	O -top		-1.04	5.51	O -top		-1.18	5.51
	Surface	Position	EtO	E ads	CN !!!!	Position	iPrO	E ads	CN !!!!
	(0001)	O -hcp		-0.91	7.19	O -hcp		-1.06	7.19
	(10-11)	O -fcc		-1.18	6.87	O -fcc		-1.32	6.87
	(10-10)	O -bridge		-0.90	6.23	O -bridge		-1.01	6.23
	(10-12)	O -bridge		-1.16	5.51	O -bridge		-1.30	5.51
	(11-20)	O -bridge		-1.05	5.73	O -bridge		-1.16	5.73
	(111)	O -hcp		-0.90	7.51	O -hcp		-1.04	7.51
	(100)	O -square		-1.02	6.63	O -square		-1.16	6.63
	(110)	O -bridge		-1.08	5.79	O -bridge		-1.19	5.79
	(211)	O -bridge		-1.20	5.40	O -bridge		-1.31	5.40

Table A .4.1. cont.
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	Table A.4.1. cont.												
	Surface	Position Surface	CH3CHO	E ads	Position	CN !!!!	H	E ads	Position	CN !!!!	CH3COCH3	E ads	CN !!!!
	(0001)	O -hcp, C -top (0001)				0.09		H -fcc	7.35		O -hcp, C -top -0.56 7.30	-0.04	7.35
	(10-11)	O -bridge, C -bridge (10-11)		-0.33	H -fcc	7.18		O -bridge, C -top -0.66 6.87	-0.26	6.92
	(10-10) (10-12)	O -bridge, C -top O -bridge, C -bridge (2 nd step) (10-10) (10-12)	-0.13 -0.57 H -bridge (between 1 st and 2 nd layer) 6.46 6.18 H -square		O -bridge, C -top O -bridge, C -top -0.59 7.35 -0.53 6.01	-0.20 -0.51	6.46 5.56
	(11-20)	O -bridge, C -bridge (11-20)		-0.40 H -bridge	5.73		O -bridge, C -bridge -0.51 5.73	-0.35	5.73
	(111)	O -hcp, C -top (111)				0.11		H -fcc	7.51		O -hcp, C -top -0.57 6.97	-0.01	7.51
	(100)	O -bridge, C -bridge (100)		-0.42 H -square	6.68		O -bridge, C -bridge -0.48 6.63	-0.18	6.68
	(110)	O -bridge, C -bridge (110)		-0.45 H -bridge	5.79		O -bridge, C -top -0.50 5.79	-0.39	5.82
	(211) Surface	O -bridge, C -top Position (211)	-0.42 E ads H -bridge (between 1 st and 2 nd step) 5.46 CN !!!! CH3CHOH		O -bridge, C -top Position CH3COHCH3 -0.57 6.12	-0.57 E ads	5.46 CN !!!!
	(0001)	O -top, C -bridge				0.11			7.43		O -top, C -top	0.15	7.51
	(10-11)	O -bridge, C -bridge		-0.23		7.12		O -top, C -top	-0.24	6.59
	(10-10)	O -top, C -top				-0.21		6.68		O -top, C -top	-0.26	6.68
	(10-12)	O -top, C -top				-0.38		5.68		O -top, C -top	-0.46	5.68
	(11-20)	O -top, C -top				-0.22		5.80		O -top, C -top	-0.29	5.80
	(111)	O -top, C -bridge				0.11			7.43		O -top, C -top	0.16	7.51
	(100)	O -bridge, C -bridge		-0.17		6.68		O -top, O -top	-0.19	6.68
	(110)	O -top, C -top				-0.21		5.84		O -top, C -top	-0.29	5.84
	(211)	O -top, C -top				-0.48		5.51		O -top, C -top	-0.57	5.51
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 A 4.2.Transition states configurations, dissociated bonds lengths and activation energies for different bond breakings, and energy differences between the state preceding (initial state, IS) and following (final state, FS) given TS along the iPrOH dehydrogenation pathways. E act stands for the activation energy of a given transition state, ∆E FS-IS stands for the energy of elementary reaction (energy difference between the state following and preceding given transition state). Species signified with '*' are considered as adsorbed on the surfaces. All the adsorption positions refer to the 1 st layer of metal, unless stated otherwise. All the energies are given in eV.

	Surface	TS OH configuration	O-H bond length (Å)	E act OH	∆E iPrO * +H * -iPrOH *	∆E iPrO * + 1 2 -iPrOH * H 2	TS OH-CH configuration	C-H bond length (Å)	E act OH-CH	∆E CH 3 COCH 3 * +H * -iPrO *	∆E CH 3 COCH 3 * + 1 2 H 2 -iPrO *
	(0001)	O -hcp, H -fcc	1.29	0.73	-0.82	-0.26	O -hcp, C -top, H -fcc	1.58	0.88	0.46	1.02
	(10-11)	O -fcc, H -hcp	1.24	0.69	-0.91	-0.25	O -fcc, C -top, H -bridge	1.57	0.80	0.40	1.06
	(10-10)	O -bridge, H -bridge between rows	1.39	0.71	-0.59	0.00	O -bridge, C -bridge row) between rows, H -bridge (another	1.70	0.70	0.22	0.81
	(10-12)	O -bridge, H -bridge (between 1 st and 2 nd step)	1.34	0.42	-0.67	-0.14	O -bridge, C -top, H -bridge	1.51	0.71	0.26	0.79
	(11-20)	O -bridge, H -bridge	1.30	0.49	-0.66	-0.15	O -top, C -top, H -bridge	1.66	0.98	0.30	0.81
	(111)	O -hcp, H -fcc	1.26	0.74	-0.80	-0.23	O -hcp, C -top, H -fcc	1.57	0.90	0.46	1.04
	(100)	O -bridge, H -bridge	1.31	0.41	-0.73	-0.25	O -bridge, C -top, H -bridge	1.57	0.96	0.50	0.98
	(110)	O -bridge, H -bridge between rows	1.32	0.34	-0.67	-0.17	O -bridge, C -top, H -bridge	1.53	0.61	0.30	0.80
	(211)	O -bridge, H -bridge (2 nd step)	1.33	0.36	-0.70	-0.13	O -bridge, C -top, H -bridge	1.50	0.63	0.16	0.73

Table A .4.2. cont.

 A 

	Surface	TS CH configuration	C-H bond length (Å)	E act CH	∆ECH 3 COHCH 3 +H * -iPrOH *	-iPrOH * ∆E CH 3 COHCH 3 * + 1 2 H 1	TS CH-OH configuration	O-H bond length (Å)	E act CH-OH

∆E CH 3 COCH 3 +H * -CH 3 COHCH 3 * ∆E CH 3 COCH 3

  

											+ 1 2	H 2
											-CH 3 COHCH 3	*
	(0001)	O -top, C -top, H -bridge	1.60	1.07	0.42	0.98	C -top, O -top, H -fcc	1.40	0.53	-0.75	-0.19
	(10-11)	O -top, C -top, H -top	1.51	0.87	0.17	0.83	C -top, O -bridge, H -square	1.28	0.55	-0.69	-0.03
	(10-10)	O -top, C -top, H -bridge	1.51	0.81	0.36	0.75	C -top, O -top, rows H -bridge between	1.41	0.53	-0.74	0.06
	(10-12)	O -top, C -top, H -bridge	1.49	0.81	0.17	0.70	C -top, O -bridge, 1 st and 2 nd step) H -bridge (between	1.31	0.64	-0.57	-0.05
	(11-20)	O -top, C -top, H -bridge	1.58	0.81	0.20	0.71	C -top, O -top, rows H -bridge between	1.38	0.69	-0.57	-0.06
	(111)	O -top, C -top, H -hcp	1.62	1.09	0.41	0.98	C -fcc, O -top, H -bridge	1.21	0.50	-0.75	-0.17
	(100)	O -top, C -top, H -bridge	1.53	0.88	0.23	0.71	C -top, O -top, H -bridge	1.41	0.64	-0.47	0.02
	(110)	O -top, C -top, H -bridge	1.48	0.71	0.20	0.70	C -bridge, O -top, rows H -bridge between	1.37	0.75	-0.60	-0.10
	(211)	O -top, C -top, H -bridge	1.48	0.69	0.04	0.61	C -top, O -bridge, H -bridge (3 rd step)	1.33	0.65	-0.57	0.00

Table A .

 A 4.3. iPrOH and TS OH adsorption energies on (0001) and(11-20) facets, expressed in: (a) electronic energy, (b) electronic energy with dipol correction, (c) electronic energy with dipol correction and ZPE correction, (d) Gibb Free Energy (equal to electronic energy with dipol, ZPE and entropy corrections). Values are given in eV. ZPE stands for zero point energy.

	Entry	(0001)	iPrOH	(11-20)	(0001)	TS OH	(11-20)
	a	-0.77		-0.95	-0.03		-0.47
	b	-0.73		-0.94	0.01		-0.46
	c	-0.71		-0.94	-0.16		-0.66
	d	0.12		0.09	0.84		0.17

Table A .

 A 5.1. Data used to compute the TON values for the 2-octanol dehydrogenation reaction using decorated Co nanoparticles. Sample naming according to the role: type of ligand -shape -order number (if needed) 2 SA -surface area exposed by Co in the catalyst sample used for the catalytic test: SA = SSAC´mCo with SSAC the specific surface area calculated based on TEM geometric measurements and m Co =m cat × 100%-∆m TGA-N 2 100%(∆m TGA-N 2 can be found in Table1, in the Chapter 5)

	Sample 1	n converted substrate (mol)	SA 2 (m 2 )	(0001)	Exposed facets (11-20)	(11-21)	n surface Co atoms (10 -6 mol)	3	TON 4 (mol mol -1 )
				(%)	(%)	(%)			
	L-R-1	0.01529	0.67	5	95	0	13.40		1140
	L-R-2	0.01393	0.59	6	94	0	11.86		1170
	L-R-3	0.00148	0.71	35	20	45	22.52		70
	L-R-4	0.01469	0.89	6	94	0	17.77		830
	L-D	0.01307	0.61	38	0	62	21.40		610
	L-P	0.01414	0.82	78	22	0	23.58		600
	P-R-1	0.00071	0.41	5	95	0	8.10		90
	P-R-2	0.00120	0.60	8	92	0	12.20		100
	P-R-3	0.00349	0.47	14	86	0	9.96		350
	P-D	0.00096	0.37	35	0	65	12.92		70
	P-P	0.00473	0.40	67	33	0	11.08		430
	H-R	0.00866	n.a.	n.a.	n.a.	n.a.	n.a.		n.a.
	O-R	0.00945	0.52	8	92	0	10.61		890
	D-R	0.01052	0.54	5	95	0	10.82		970
	1								

L-P (c)
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in situ H2 pre-treatment were investigated in the dehydrogenation of 2-octanol. Afterwards, the support effect on the activity of secondary alcohol dehydrogenation was studied.

For the most active catalysts, we examined their recyclability and activity towards the dehydrogenation of 1-octanol. As a final stage of our investigation, catalytic activity towards 1,2-octanediol dehydrogenation of chosen catalysts was investigated, closing us to the aimed dehydrogenation of (biomass-derived) polyols.

Solvent effect

Solvent effect was investigated using the benchmark Co/TiO2 P25 catalyst for 2-octanol dehydrogenation reaction. At first, the catalytic tests to establish the reaction conditions were conducted with o-xylene, as it is a solvent reported in the literature for acceptor-less alcohol dehydrogenation. 4,1 However, due to the encountered issues with one batch of supplied o-xylene (solvent impurities were poisoning our catalyst), we decided to investigate if the choice of solvent has an effect on the catalyst activity and selectivity. The other tested solvents were: decane, diisopentyl ether, γ-valerolactone (GVL), dimethyl sulfoxide (DMSO). They were chosen because of their high boiling temperatures, allowing to conduct the reaction in liquid phase at temperature around 150°C, and because of their miscibility with the studied alcohol(s).

The progress of the reaction was monitored by the analysis of liquid samples collected periodically during the reaction (analysis of alcohol conversion and carbonyl product yield), and by measuring the H2 production during the reaction (by on-line GC analysis).

The integration of H2 signals with time allowed also to calculate the H2 yield. The results for 2-octanol dehydrogenation using Co/TiO2 P25 catalyst, and o-xylene as solvent are gathered in Figure 3.9. They represent the typical plots obtained during the catalytic tests. Catalyst passivation was conducted at room temperature in 1%O2/N2 after reduction. When we compare the activity of catalyst passivated for 0.5 h (entry 2) and 2 h (entry 8), tested directly after synthesis, we do not observe differences in their activity (conversion 70-71%).

Moreover, the non-passivated catalyst (entry 1), transferred to the reactor via a glovebox, exhibit similar results. This suggests that the passivation treatment does not affect the catalytic results when the catalyst is used directly after synthesis. However, when the catalyst is stored for two weeks before testing, the catalyst passivated for 2 h (entry 9) showed lower activity than the catalyst passivated only for 0.5 h (entry 4). This indicates that the CoO layer is thickening with time and this phenomenon is more important when the passivation was conducted for longer time.

Considering the influence of aging on catalytic activity, when the time between the catalyst reduction-passivation and reaction is really long (i.e. few months), then the catalytic activity decreases. Indeed, for the catalyst passivated for 0.5 h and tested 6 months after reductionpassivation (entry 6), complete loss of activity is observed. It is in agreement with TGA-H2 results, where there were no significant differences between the catalyst tested the same day and after 2 weeks. However, the thermogravimetry analysis revealed the presence of bulk CoO on the catalyst reduced 6 months earlier, which must be the cause for the absence of activity.

Wolf et al. showed that the passivation in diluted oxygen (1%O2/N2) leads to the creation of CoO layer on the surface of Co/SiO2 catalyst, even at 30℃. 13 However, this treatment was not suitable for long-term protection, due to on-going slow oxidation of catalyst. Moreover, they observed, that the re-reduction of partially oxidized Co NPs was easier than the reduction of calcined catalyst. The re-reduction requires much shorter time (0.5 h instead of 10 h, at 400℃, with heating rate of 2 ℃ min -1 ) to re-gain the catalyst activity. These observations are in agreement with ours. Also, as it was reported in the literature by Vu et al., in situ H2 pretreatment can re-activate the catalyst. 38 During the dehydrogenation of vicinal diol in liquid phase with Ru/C and Ru/Al2O3 catalysts, they observed that the catalysts started to be active only after few hours of reaction (4-5 h). Hence, they decided to treat them with H2, under the reaction conditions (atmospheric pressure of H2, 1 h, 175℃). This re-activated the catalyst, which resulted in the immediate observation of activity. Motivated by the above described findings we also wanted to check if it would be possible to re-activate the Co/TiO2 P25 catalyst by in situ H2 pre-treatment, under the reaction conditions. The catalyst and part of the solvent (30 mL) were heated up to 145℃ and treated with a mixture of H2 (10 mL min -1 ) and inert gases (30 mL min -1 ). The catalyst with a thin CoO layer (passivated 0.5 h and tested the same day and 2 weeks later, entries 3 and 5) did not show any improvement of activity. However, for the catalyst with thicker oxide layer on the surface the change was noticeable. H2 pre-treatment of the catalyst passivated for 2 h and tested 2 weeks after reduction (entry 10), allowed to increase the conversion up to 64%, which is close to the one obtained with the catalyst tested on the same day. And the catalyst passivated for 0.5 h and reduced 6 months before the reaction it allowed to re-gain activity.

In this reaction 65% of conversion was obtained. What is worth to notice, the H2 production for the in situ pre-treated catalysts started immediately, whereas for the non-pre-treated catalysts it was increasing gradually.

Passivation is associated with the formation of a monolayer of CoO layer. However, oxidation of the catalyst proceeds with time. This phenomenon is more intensive when the passivation is conducted for longer time. It is possible to re-activate the catalyst by performing in situ H2 pre-treatment. But still freshly reduced catalyst is the most active towards 2-octanol Comparison of the configurations of different transition states allowed us to assume, that even though the surfaces are very different, molecules are adopting similar geometries for bond breakings. OH bond scission along the alkoxy pathway turns out to be facilitated on open type surfaces, that is not straightforward for CH-OH bond dissociation along the hydroxyalkyl pathway. For CH and OH-CH bond breaking no clear tendencies for structure sensitivity are visible.

Three types of crystal facets are encountered in these particles: (0001) compact planes and open (11-20) and (11-21) facets. Their relative proportions depend on the nanocrystal morphology and can be calculated combining the shape approximation and TEM dimension measurement (see Chapter 2.3.5 and Annex, part A.2.2 for technical details, and Table 5.1 for the outcome of surface proportions). Typically, about 90% of the surface of Co rods correspond to (11-20) facets, and the last 10% to (0001) planes, while the surface corresponding to (11-21) facets, if any, can be neglected. The distinction between rods and diabolos is not straightforward since diabolos can be seen as rods with extended conical tips.

Particles with a high proportion of (11-21) and (0001) facets are denoted diabolos while the rods mainly exhibit (11-20) planes. For diabolos, two different type of facets are mainly exposed: (0001) and (11-21), corresponding respectively to about 35-38% and 62-65% of the total surface of NPs. Platelets expose close packed (0001) facets, corresponding to ~70-80% of the NP surface, while the lateral walls correspond to (11-20) facets and occupy the rest of the particle surface. This clearly indicates that the ligand protecting layer on the samples corresponds to at least 1-2 ML (or one bilayer), and in some cases, is even larger than 10 ML.

To summarize, adjusting of the conditions in the polyol synthesis protocol allowed to obtain Co NPs of various shapes. They were exposing three types of facets, namely (0001), (11-20) and (11-21), in different proportions. They were covered with different types and amounts of carboxylic ligands, what was quantified by the extensive characterization of sample. This knowledge will allow to rationalize the catalytic tests results and determine the factor(s) guiding the activity.

Catalytic activity of shaped Co NPs

The catalytic activity of decorated shaped Co nanoparticles was studied for the 2-octanol dehydrogenation reaction. The reactions were conducted in acceptor-less conditions (atmosphere of inert gases), at 145℃, for 24 h. The used mass of catalyst was equal to 0.025 g, as the aim was to have the nalc : ncat = 100. The corresponding catalytic tests results are presented in Table 5.2. and from 44 wt% to 16 wt% for P-P sample (see Table 5.3). When tested towards the dehydrogenation of 2-octanol, the performance improved -conversion increased from 3% up to 19%, and from 16% to 55% for P-R-2 and P-P samples, respectively -confirming the importance of the amount of ligands surrounding the catalysts in controlling their catalytic activity. 

Post-reaction analysis

When the samples with a high coverage of ligands were used to perform the catalytic tests, the color of the suspension evolved from colorless to light yellow/brown, which might be an indication of Co leaching. This triggered us to perform additional post reaction characterizations. ICP-OES of the supernatant (see Table A.5.2 in Annex) confirmed the presence of Co for all samples of the second group while this leaching is under the detection limit in the case of an active catalyst (L-R-1). TGA analyses for two spent catalysts showed that the amount of organic ligands protecting the samples decreased after

DFT computational insight -towards understanding of the role of ligands

To bring more insight into possible structure sensitivity of the alcohol dehydrogenation on Co in the presence of ligands, we investigated this reaction on the two mainly exposed facets, the (0001) and (11-20), with periodic DFT calculations.

Chosen molecule and surface models and preferred reaction mechanism

In the computations, isopropanol (iPrOH) was used as a model of secondary alcohol.

The energies were considered as Gibbs Free Energies at 145℃, which is the experimental reaction temperature. The activities of pristine ( 0001) and (11-20) surfaces were compared with the ones decorated with carboxylic ligands. CH3COO • was chosen as model ligand, to minimize the computational demands. Experimentally, the active samples are covered with 1-2 ML of ligands, but probably some defects in the covering layer are present. Hence, for the modeling, the surfaces with the ligands coverage of roughly 7 • 10 -6 mol m -2 were chosen, as they resemble the most the 1 ML coverage, and still the space for alcohol molecule adsorption and proceeding of the reaction is available. It means, that per (0001) p(3x3) surface unit cell, two CH3COO • ligands were co-adsorbed (θ = 4/9 ML, 0.44 ML, 6.98 • 10 -6 mol m -2 , named 0.44A-Co(0001)), and per one (11-20) p(4x4) three ligands were present (θ = 3/4 ML, 0.75 ML, 7.26 mol m -2 , named 0.75A-Co (11-20)).

As we already saw in Chapter 4 (for temperature of 180℃, as the preliminary reactions were performed in it), alcohol dehydrogenation is found to be slightly endergonic (∆G = 0.07 eV at 145℃) in close agreement with the experimental Gibbs reaction energy for isopropanol dehydrogenation (∆G = 0.05 eV at 145℃). 20 Also, as we already explained in Chapter 1 and Chapter 4, this reaction requires the scission of two bonds, OH and CH, to generate the corresponding carbonyl product (ketone). Depending on the order of these two dissociations, two pathways can be distinguished (Figure 5.7). In the alkoxy path, the OH bond breaking yields to an alkoxy intermediate, from which the OH-CH bond scission takes place.

The hydroxyalkyl path starts with the CH bond dissociation, leading to the formation of hydroxyalkyl intermediate, and continues with the CH-OH bond breaking. As it was already shown in the previous Chapter 4, and in agreement with the literature, 2,21,22 

alcohol

Comparing the results of primary and secondary monoalcohols dehydrogenation it can be noticed that the catalyst was also active towards primary alcohol dehydrogenation (35% vs 10% of conversion, respectively). Moreover, it was not totally selective towards the corresponding aldehyde. Again, the observed by-products were C16 condensation and/or esterification products. However, while tested towards dehydrogenation of diol, the only observed product was 1-hydroxy-2-octanone, which is the dehydrogenation product of secondary OH group. Its exclusive formation was confirmed by GC, 13 C-NMR and 1 H-NMR analysis of liquid samples. The corresponding NMR spectra are presented in Figures A.5.7 and A.5.8 in Annex. Even though this was not obvious based on the monoalcohols dehydrogenation results, the catalyst occurred to be totally selective in the diol dehydrogenation.

In the literature only one paper reporting 1,2-octanediol dehydrogenation is available. 25 The reaction was conducted in solvent-free conditions, at 175℃, using 0.35 mol% of Ni/SiO2 catalyst. The conversion was equal to 28% and the reported selectivity was equal to 64%.

The main reaction product was 1-hydroxy-2-octanone and 2-octanone was observed as a by-product. It is not possible to directly compare the activity of our catalyst with the one reported, due to the different reaction conditions used. However, the L-R-1 catalyst demonstrated to be fully selective towards desired secondary OH group dehydrogenation product, at a comparable conversion. Also, it showed better selectivity than Co/TiO2 P25 and Co/TiO2 P90 catalysts, reported in Chapter 3. (The comparison of conversion is not directly possible due to different metal : substrate ratio used in the catalytic tests with supported and unsupported Co catalysts.)

Conclusions

To investigate the structure sensitivity of the acceptor-less alcohol dehydrogenation we used model shaped Co NPs as catalysts. Adjusting of the polyol synthesis method parameters allowed to obtain Co NPs of different shapes: nanorods, diabolos and platelets.

The morphologies of the samples were precisely identified by TEM analysis (shape and type of exposed surfaces). By the geometric measurements from the images it was possible to calculate the specific surface area of metal in the sample and to determine the proportion of 55%), NaOH (Acros, micropearls or Sigma Aldrich, ≥97%), 1,2-butanediol (Fluka, 98% or Sigma Aldrich, ≥98%), 1,2-propanediol (Acros, 99%), lauric (Alfa Aesar, 98%), palmitic (Alfa Aesar, 95%), heptanoic (Aldrich, ³99%), octanoic (Aldrich, ³98%) and decanoic (Alfa Aesar, 99%) acids, methanol (MeOH, Sigma Aldrich, ≥99.8%) and ethanol (EtOH, Sigma Aldrich, ≥99.5%) were used as received.

A.2.1.2. Preparation of cobalt precursors

Home-made cobalt carboxylates, Co(CnH2n+1CO2)2 (n = 6-15), were used for the following nanoparticles syntheses.

• Synthesis of Co(CnH2n+1CO2)2, n = 6, 7, 9

In a 1L beaker, NaOH (168 mmol) and the long-chain carboxylic acid (176 mmol) were dissolved in 160 mL of distilled water and the mixture was heated to 60℃ for 30 min under mechanical stirring to yield a transparent solution. To this solution was then added dropwise under vigorous stirring (200 rpm) an aqueous solution (40 mL) of Co(II) acetate (80 mmol) preheated at 60℃ for 15 min. This resulted in the formation of a pink precipitate which was left under stirring for 30 min at the same temperature. The solid was recovered by centrifugation (8 500 rpm, 15 min), washed three times with distilled water (200 mL) and dried in an oven at 50℃ for three days.

Sample P-P

To 100 mL of 1,2-propanediol, were added: the cobalt (II) palmitate called P4 (80 mM), anhydrous RuCl3 ([Ru]/[Ru+Co] = 2.5 mol%) and sodium palmitate (160 mM). The mixture was then heated under stirring at 100 rpm to 175℃ with a heating rate of 8 ℃ min -1 for half an hour until the color of the solution turned black, indicating the reduction of Co(II) into metallic cobalt. After cooling down to room temperature, the cobalt particles were recovered using a permanent magnet, washed six times with 100 mL of methanol, and finally dried overnight in an oven at 50℃.