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Abstract 
Ruthenium-based heterogeneous catalysts play a central role in industrial hydrogenation 

processes, yet a unified mechanistic understanding of how oxidized Ru precursors 

transform into catalytically active species remains incomplete. In particular, the 

reducibility of hydrated Ru oxide phases prepared by deposition–precipitation (DP), the 

identity of intermediate states formed during activation, and the influence of water, support 

chemistry, and synthesis history on these processes are still debated. This PhD thesis 

addresses these knowledge gaps through a systematic, multi-technique investigation of 

the oxide-to-metal transformation in unsupported and supported Ru catalysts under 

industrially relevant conditions. 

The work was conducted within the framework of the European Next Generation EU 

program and represents a joint academic–industrial collaboration between the 

Department of Chemistry of the University of Torino and Chimet S.p.A. Combining 

laboratory-scale methods routinely employed in industry with advanced synchrotron- and 

neutron-based techniques, this thesis follows the structural and chemical evolution of Ru 

catalysts from their oxidized, hydrated state to the reduced phase under hydrogen. 

Comprehensive characterization of the oxidized precursors reveals that DP-derived Ru 

does not form a single, well-defined RuO₂ phase. Instead, it consists of highly dispersed 

and strongly hydrated Ru(IV) oxy-hydroxide domains spanning a continuum from 

disordered RuO₂-like motifs to partially crystalline regions, depending on support 

chemistry and hydration state. Activated carbons stabilize highly defective, strongly 

hydrated species, whereas alumina promotes partial structural ordering. Surface-sensitive 

O K-edge NEXAFS identifies peroxo-like Ru–O–O species across all systems, whose 

abundance correlates directly with the systematic hydrogen overconsumption observed 

during H₂ temperature-programmed reduction (H₂-TPR), establishing a direct link between 

surface oxygen chemistry and macroscopic reducibility fingerprints. 

In situ bulk-sensitive techniques (Ru K-edge XAS, high-energy X-ray total scattering with 

PDF analysis, and XRD) coupled with multivariate statistical analysis demonstrate that 

reduction proceeds through a transient Ru(III) intermediate with structural fingerprints 

consistent with a corundum-like Ru₂O₃ phase. This finding resolves the long-standing 

ambiguity associated with the multi-feature H₂-TPR profiles characteristic of DP-derived Ru 
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catalysts. Concurrent surface-sensitive investigations by in situ FTIR, O K-edge NEXAFS, 

and inelastic neutron scattering (INS) reveal that reduction is accompanied by tightly 

coupled surface restructuring processes, including hydroxyl condensation, peroxo 

rearrangement, formation of defective RuO₂–x phases, and transient stabilization of Ru–H 

species. While IR selectively detects terminal hydrides, INS provides direct spectroscopic 

evidence of multi-coordinated and subsurface hydrides and captures hydrogen spillover at 

the Ru–Al₂O₃ interface, offering rare experimental confirmation of this frequently invoked 

phenomenon. 

Catalytic validation in the selective hydrogenation of benzaldehyde demonstrates that 

catalytic performance cannot be interpreted solely in terms of metallic Ru formation. 

Unsupported catalysts containing amorphous and partially hydrated RuOₓ(OH)ᵧ phases 

exhibit significant activity under mild conditions, indicating that oxidic or partially reduced 

Ru states can directly participate in hydrogen activation. In contrast, alumina-supported 

systems require higher temperatures to reach comparable activity, consistent with 

progressive metallic Ru formation stabilized by the support. These results challenge the 

widespread assumption that fully reduced Ru represents the exclusive active phase in Ru-

catalyzed hydrogenation. 

A unifying outcome of this thesis is the recognition of water as a structural and kinetic 

variable governing reducibility, dispersion, and site accessibility. Controlled drying and 

ageing experiments demonstrate that gradual dehydration drives structural reorganization 

and condensation processes that critically affect catalyst stability and performance. The 

drying step thus emerges as a deliberate thermal treatment rather than a simple solvent-

removal operation, particularly in industrial liquid-phase processes. 

By integrating complementary bulk- and surface-sensitive techniques with catalytic 

validation, this work establishes a coherent mechanistic framework for the activation of 

DP-derived Ru catalysts and provides practical guidelines for controlling hydration, 

reducibility, and performance in industrially relevant systems. 
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Chapter 1 

1 Introduction 
1.1 Ru-based catalysts  

1.1.1 Established applications and emerging opportunities for Ru-
based catalysts 

Catalysts based on ruthenium (Ru) already play a pivotal role in the chemical industry both 

in the form of supported and unsupported nanoparticles. Supported metallic Ru 

nanoparticles are largely employed for hydrogenation and hydrogenolysis reactions. They 

are integral to the Haber-Bosch process, to synthesize ammonia from nitrogen and 

hydrogen, playing a crucial role in the production of fertilizers and other chemicals.1–3 In 

hydrogenation and hydrogenolysis catalysis, Ru catalysts have attracted renewed attention 

due to their ability to promote reactions under milder conditions or with alternative 

selectivity patterns compared to conventional Pd- or Pt-based systems. In particular, Ru-

based catalysts have demonstrated promising performance in the selective hydrogenation 

of functionalized molecules and in the cleavage of oxygenated groups derived from 

biomass feedstocks, which is part of the broader effort to develop renewable energy 

sources and reduce dependence on fossil fuels.4–6 Researchers have also recently begun 

to explore Ru catalysts for upcycling of polyolefin waste into valuable hydrocarbons, aiming 

to address plastic pollution and promote sustainable recycling practices,7–9 or for the 

energy sector, for example in the decomposition of ammonia into nitrogen and hydrogen, 

providing a clean hydrogen source for fuel cells and other applications.2,10,11  

From a broader perspective, Ru occupies a peculiar position among platinum-

group metals, combining a relatively low cost with rich and complex surface chemistry. 

Compared to more extensively exploited noble metals such as Pt and Pd, Ru exhibits 

stronger metal–adsorbate interactions and a marked tendency to access multiple 

oxidation states under reaction conditions. These features make Ru-based catalysts 

particularly attractive for reactions involving the activation of strong chemical bonds, such 

as C-C, C-O, C-N and N-N bonds, which are central to many emerging catalytic processes. 

At the same time, this intrinsic reactivity introduces additional complexity in catalyst 

design, as subtle variations in structure, particle size or chemical environment can lead to 

significant changes in catalytic performance. 
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The versatility of ruthenium is further exemplified by its oxide form, RuO2, whose 

ability to reversibly switch between different oxidation states under operating conditions is 

a key factor underlying its outstanding electrochemical performance,12 as well as its 

applications in the fields of supercapacitors and chemical sensors.13–15 Its dynamic 

behavior is particularly relevant in reactions such as the oxygen evolution reaction 

(OER),16,17 where surface restructuring and redox processes are intimately linked to 

catalytic activity.12 In this field Ru is often proposed as an alternative to Ir, offering 

competing performances at significantly lower costs for the catalyst manufacturing and 

use. At the same time, the same redox flexibility that enables high activity also raises 

challenges related to catalyst stability, dissolution and long-term durability, which remain 

central topics in current research.13–17 

In the past decades, alongside the consolidation of Pt- and Pd-based catalysts as 

industrial standards, interest in Ru-based systems has only marginally increased, partly 

due to the inherent challenges associated with the study of Ru. As discussed in the next 

paragraphs, Ru exhibits remarkable versatility, with physico-chemical properties that make 

it a promising candidate for a wide range of catalytic applications. At the same time, its high 

intrinsic reactivity and sensitivity to external conditions require careful control of structural 

and environmental parameters, as small variations can strongly influence catalytic 

behavior. While these aspects have historically limited the widespread adoption of Ru 

catalysts, they also offer unique opportunities: when properly understood and controlled, 

Ru reactivity can be effectively harnessed to achieve enhanced performance, tunable 

selectivity and access to reaction pathways that are less accessible with other noble 

metals.  

In this context, recent technological advances in synthesis, in situ and operando 

characterization techniques, and theoretical modeling are playing a crucial role in enabling 

a deeper understanding of Ru-based systems. Together with the growing industrial demand 

for cost-effective, high-performance catalysts capable of addressing emerging challenges 

in energy, sustainability and resource efficiency, these developments are driving a renewed 

interest in Ru. Rather than being viewed solely as an alternative to more established noble 

metals, Ru is increasingly recognized as a uniquely versatile element whose sensitivity and 

reactivity can be transformed from limiting factors into key assets for the design of 

advanced catalytic and technological systems. 
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1.1.2 Great potential for tunability comes with great characterization 
challenges 

The broad applicability and tunability of Ru-based catalysts outlined in the previous section 

are intrinsically connected to a high degree of complexity in their structural, chemical and 

electronic properties.12,18,19 Therefore, the same features that make Ru highly attractive 

from a catalytic perspective also render its characterization particularly challenging. 

Despite not being more abundant than other rare transition metals, the price of Ru is 

surprisingly low, and this can be explained simply in terms of lower demand for Ru based 

systems with respect to other platinum-group-metals (PGM). This combination of relatively 

low cost and high catalytic potential has contributed to renewed academic and industrial 

interest in ruthenium, while simultaneously highlighting the need for reliable and detailed 

characterization strategies to fully exploit its tunability.  

From the catalytic point of view, Ru exhibits unmatched activity for hydrogenation 

reactions, but it lacks selectivity and often requires high activation temperatures to be 

operational. Because of its high reactivity, completely reduced Ru is instantly oxidized 

when exposed to air, while the high hydrophilicity of RuO2 renders almost impossible to 

have optimal storage and demands dedicated activation procedures. As discussed before, 

another inherent quality of Ru is its sensitivity to external conditions that, if not properly 

understood and controlled, can cause serious issues to reproducibility of results. These 

features place Ru-based catalysts at the boundary between high catalytic performance and 

experimental complexity, where small variations in pretreatment, atmosphere, 

temperature or support composition can lead to markedly different structural and 

chemical states. 

Moreover, Ru is often reported to have unexpected or counterintuitive behavior with 

respect to common heuristic expectations, which often can be misleading and hard to 

interpret. For instance, Ru activity does not scale with adsorption strength or with size.20–22 

Ru redox properties are easily influenced by its surroundings and can rarely be predicted in 

analogy with what observed for other PGM.12 Completely reduced supported Ru 

nanoparticles are partially oxidized when exposed to CO, a well-known reducing agent, 

through a process named oxidative disruption, i.e. they are partially re-oxidized and 

fragmented, with a mechanism not yet fully understood involving the participation of the 

support and driven by the strong interactions between CO molecules and 

undercoordinated Ru atoms in the nanoparticles.23–28 This phenomenon, as it will be further 
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discussed in Section1.2.3, causes issues when using CO as a molecular probe, both for 

quantitative measurements like CO chemisorption to determine dispersion, and for 

qualitative measurements like IR spectroscopy of CO interacting with Ru NP. The example 

of oxidative disruption illustrates how characterization methods routinely applied to other 

noble metal catalysts may provide misleading or incomplete information when transferred 

to Ru-based systems, emphasizing the need for combined and, whenever possible, in situ 

or operando approaches. 

 On one hand, when fully understood, the inherent complexity of Ru-based systems 

grants a high level of tunability of Ru properties, making it a versatile material suitable for 

many applications. On the other hand, the same complexity poses a serious challenge for 

any effort towards thorough characterization of Ru based systems. In this sense, 

characterization challenges should not be regarded merely as limitations, but rather as an 

integral aspect of the opportunity offered by Ru. The strong sensitivity of Ru to its local 

environment provides a rich parameter space for tailoring catalytic behavior, while 

simultaneously motivating the development and application of advanced characterization 

strategies, which form a central theme of the present work. 

1.2 From Ru-oxide to Ru-metal 

1.2.1 RuO2: crystalline reference and hydrated phases 

Ruthenium dioxide (RuO2) is a conducting transition metal oxide that crystallizes in the 

rutile structure, which represents its thermodynamically stable bulk phase. Owing to its 

metallic-like electrical conductivity and rich redox chemistry, crystalline RuO2 has long 

been employed as a heterogeneous catalyst and electrocatalyst in a variety of oxidation 

reactions, including CO, NH3 and methanol oxidation, as well as in the Deacon process for 

chlorine production from HCl. In the electrochemical field, RuO2 is a benchmark anode 

material for the chlor-alkali process and exhibits excellent activity for both the hydrogen 

and oxygen evolution reactions.  

In the rutile bulk structure of RuO2, each Ru atom is octahedrally coordinated by six 

oxygen atoms, forming slightly distorted [RuO6] units (Figure1.1a). Two Ru-O bonds are 

shorter, with distances of approximately 1.94 Å, while the remaining four Ru-O bonds are 

slightly elongated, around 1.98 Å, reflecting the anisotropic coordination environment 

characteristic of the rutile lattice. From a metal-metal perspective, the structure is defined 
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by two distinct Ru-Ru distances. The shorter Ru-Ru distance, approximately 3.1 Å, 

corresponds to neighboring [RuO6] octahedra linked in chains running along the 

crystallographic c axis. A second Ru-Ru contribution at about 3.5 Å reflects the three-

dimensional connectivity of the rutile lattice, in which each octahedral chain is linked to 

four adjacent chains. This hierarchical connectivity, combining one-dimensional chains 

and three-dimensional coupling, underpins both the structural robustness and the high 

electronic conductivity of crystalline RuO2. 

 

Figure1.1 (a) Structure of bulk RuO2 rutile. (b) Structure of the most stable RuO2 (110) surface. 
Adapted from reference 54. 

From a structural perspective, most experimental and computational studies on 

crystalline RuO2 focus on the most stable (110) surface of the rutile phase (Figure1.1 b). 

This surface is characterized by the presence of coordinatively unsaturated five-fold 

coordinated Ru atoms (Ru5c), bridged oxygen atoms (Obr) and terminal oxygen atoms (Oterm), 

which together define the surface reactivity. Density functional theory investigations and 

experiments have shown that the Ru5c sites act as strong Lewis’s acid centers and play a 

central role in adsorption and activation of small molecules. 12,19,29–35  

Atomistic studies of water adsorption on RuO2(110) have revealed a complex and 

coverage-dependent behavior.36–41 At very low water coverages, isolated H2O molecules 

adsorb molecularly on Ru5c sites, being in equilibrium with partially dissociated 

configurations in which water deprotonates to form Ru5c–OH species hydrogen-bonded to 

neighboring Obr atoms. With increasing water coverage, water dimers form on adjacent Ru5c 

sites, giving rise to mixed molecular–dissociated motifs such as H3O2
- species. At even 

higher coverages, extended hydrogen-bonded networks and quasi-one-dimensional water 

chains develop along the surface, profoundly modifying both the local structure and the 

electronic properties of the surface. These findings provide a fundamental framework for 

understanding how water interacts with RuO₂ surfaces under realistic conditions. 
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Nanosized RuO2 can incorporate strongly bound H2O in its lattice, deeply altering 

its crystalline structure and stabilizing an amorphous hydrated phase.12,15,42–44 The hydrous 

RuO2 is often reported as RuOx(OH)y or as RuO2 • nH2O if the stoichiometry is quantified. 

The water content n is expected to be between 1 and 3 in commercially available RuO2 and 

has been measured to be up to n = 2.3213 in samples not subjected to thermal treatments. 

RuO2 in its anhydrous form is obtained by high temperature annealing, causing massive 

sintering along crystallization associated with water removal.12 However, nanostructured 

RuO2 exhibits high hydrophilicity and substantially favors the formation of hydrous 

amorphous oxide, even after thermal treatments12,13 rendering the presence of RuOx(OH)y 

an inherent property of all oxidized Ru systems. From a structural standpoint, the 

incorporation of water within the RuO2 lattice disrupts long-range order and promotes the 

formation of defective, amorphous or poorly ordered phases. This structural disorder is 

often accompanied by a high density of coordinatively unsaturated Ru sites and surface 

hydroxyl groups, which strongly influence surface reactivity. Consequently, hydrous RuO2 

cannot be regarded simply as a hydrated analogue of crystalline RuO2, but rather as a 

distinct material with its own structural and chemical identity, which is however poorly 

predictable.  

At the same time, the presence of H2O allows for the stabilization of surface 

properties that can be desirable, such as defective sites or relevant functional groups, and 

can increase the dispersion of Ru nanoparticles. This dual role of structural water, 

simultaneously complicating the interpretation of material properties while enabling 

enhanced surface reactivity, has made hydrous RuO2 a subject of sustained interest across 

different research communities. In particular, the dynamic nature of water incorporation 

and removal, which depends on synthesis routes, thermal history and operating 

environment, introduces an additional degree of freedom for tailoring the physicochemical 

properties of Ru-based oxides.  

Many works in the electrochemical field have been dedicated to the measurement 

of H2O content in relation to synthesis and thermal history of Ru based systems, often 

finding correlations between the hydration level of Ru oxide and the properties expressed 

by the catalysts.12,43,45–47 The water content is known to determine the specific capacitance 

of RuO2 influencing its supercapacitor behavior.12,15,45,46 This has proven relevant for tuning 

its sensitivity towards CO detection for sensors applications. In electrocatalysis, the 

presence of water in RuO2 systems is considered desirable as it favors proton conduction 
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and modulates electron transfer kinetics, both useful characteristics for hydrogen 

evolution reaction (HER) applications.18,48,49 More recently, it has been proposed that the 

structural H2O may be responsible for the stabilization of peroxo groups at the surface of 

RuO2, which are considered crucial for the catalytic mechanism of OER.36,50–52  

In this context, a growing body of recent literature34,36,40,53,54 has highlighted the 

importance of local structural motifs and connectivity within RuO2-based materials for the 

oxygen evolution reaction. Attention has shifted from ideal crystalline RuO2 toward 

disordered, hydrated or dynamically reconstructed structures in which RuO6 octahedra can 

adopt different connection modes, such as corner-sharing, edge-sharing and face-sharing 

configurations. These motifs are associated with distinct Ru–Ru distances, steric 

environments and reaction pathways, and have been proposed to play a key role in 

modulating OER activity. Recent studies 40,53 suggest that structural rearrangements 

occurring under OER conditions promote a transition from vertex-sharing octahedral 

networks, typical of rutile RuO2, toward edge-sharing or even face-sharing RuO6 units 

(Figure1.2). This evolution is often accompanied by lattice expansion, increased structural 

flexibility and reduced steric hindrance for oxygenated intermediates, effectively 

shortening the reaction pathway for O–O bond formation. In this framework, hydrous and 

amorphous RuO2 phases are particularly relevant, as the presence of structural water 

facilitates lattice distortion and enables the stabilization of these highly active motifs under 

operating conditions. Importantly, these findings reinforce the view of RuO2 as a 

dynamically evolving catalyst during OER rather than a static crystalline material. The 

ability of RuO2-to undergo reversible structural transformations, driven by hydration, redox 

processes and applied potential, provides a mechanistic basis for its exceptional activity, 

while simultaneously contributing to challenges related to stability and dissolution. 

Understanding the interplay between local octahedral connectivity, hydration and 

electrochemical environment has therefore become a central theme in contemporary 

studies of RuO2-based OER catalysts. 
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Figure1.2 Schematic representation of the dynamic structural evolution of hydrous RuO₂ under OER 

conditions. Structural rearrangements involving lattice expansion and the formation of edge-sharing 

and face-sharing RuO6 octahedra are highlighted, illustrating how hydration and redox processes 

promote locally flexible and highly active motifs. Such dynamic behavior emphasizes the non-static 

nature of RuO2 under operating conditions and the key role of structural water in enabling highly 

active configurations. Adapted from references 40 and 53. 

While the relevance of structural water and dynamic lattice rearrangements has 

been most intensively discussed in the context of electrochemical reactions such as OER, 

similar considerations extend to thermo-catalytic processes. In particular, the presence of 

hydrous Ru oxide phases and residual lattice water has important implications for the 

activation, reduction and catalytic behavior of Ru-based systems under hydrogenation 

conditions. For catalysis of hydrogenation reactions, the presence of structural H2O is 

mostly considered a hindrance for activation, namely the reduction of RuO2 into metallic 

Ru. As a product of reduction, the presence of bound water is responsible for the delayed 

reduction of RuO2. On the other hand, bound H2O favors increased dispersion and high 

concentration of defective active sites at Ru nanoparticles surfaces, both desirable 

qualities for a good catalyst. Moreover, it was shown how enhanced proton conduction 

through the oxidized lattice could facilitate hydrogenation reactions occurring in H-transfer 

conditions.55–57 Therefore, the role of hydrous Ru oxide in catalytic systems is inherently 

ambivalent and strongly context-dependent. While structural water can slow down 

reduction processes and complicate catalyst activation, it can also promote high 

dispersion, defect-rich surfaces and enhanced proton mobility, which are beneficial for 

specific reaction mechanisms. A detailed understanding of the balance between these 

effects is essential for rational catalyst design and represents a recurring theme in the study 

of Ru-based catalytic materials. 
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1.2.2 Reducibility of Ru oxide 

As discussed in the previous section, RuO2 is very often present in a hydrous, partially 

amorphous and structurally dynamic form, in which strongly bound water plays a key role 

in determining structural, redox and transport properties. When moving from oxide-based 

systems to hydrogenation catalysis, this intrinsic hydration and structural complexity 

acquire a central importance, as the formation of the catalytically active metallic phase 

necessarily proceeds through a reduction step. The transformation from RuO2-like phases 

to metallic Ru therefore represents a critical transition in the activation of Ru-based 

catalysts.  

Many synthesis parameters can influence reducibility of Ru-based catalysts. It can 

be increased by addition of reductive agents during the synthesis,58–61 or by favoring 

dispersion of the Ru precursor with use of capping agents.62–65 Residuals from synthesis can 

modify the reducibility, as well as high temperature calcination. The presence of structural 

or strongly bound water, characteristic of hydrous RuO2, is also known to affect both the 

thermodynamics and the kinetics of reduction, often delaying the formation of fully metallic 

Ru and modifying the reduction pathway itself. 

Beyond a purely phenomenological description, it is important to note that the 

reduction of RuO2-like phases to metallic Ru can proceed through different mechanistic 

pathways, often involving multiple elementary steps. Depending on the initial oxidation 

state, degree of hydration, morphology and metal–support interaction, the reduction may 

involve the formation of intermediate oxygen-deficient RuO2-x phases or partially reduced 

RuOx species, particularly in the case of hydrous or amorphous oxides. In addition, the 

nucleation of metallic Ru domains can introduce autocatalytic effects, whereby hydrogen 

activated on newly formed Ru0 accelerates the reduction of the remaining oxide. Support-

mediated phenomena, such as hydrogen spillover or the stabilization of interfacial Ru-O-

support species, can further modify the reduction pathway. As a result, the overall 

transformation from RuO2 to Ru0 often reflects a convolution of chemical reduction, 

dehydroxylation, structural rearrangement and metal nucleation processes rather than a 

single elementary event. 

Considering the characteristics of Ru based systems and their intrinsic challenges, 

the study of the reducibility of Ru-based catalysts for hydrogenation reactions remains a 

key step in their characterization, providing fundamental information to the optimization of 
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the activation step and on the final properties of the active metal phase. The most 

employed technique to study the reducibility of materials is the temperature programmed 

reduction in H2 (H2-TPR), both at the industrial and academic level.65–72 The sample is 

exposed to a H2 flow while increasing the temperature, triggering the reduction and 

measuring the H2 consumption rate as a function of the increasing temperature. The so 

obtained thermogram bears main aspects about the thermodynamics of the reduction, as 

well as the peak temperature, associated with the maximum kinetic rate of reduction. The 

integration of the thermogram allows to measure the total H2 consumption and perform 

quantitative analysis against an expected stoichiometry. To measure the true properties of 

the pristine catalyst, it is not desirable to perform excessive treatment to the samples prior 

to H2-TPR experiments. Annealing in oxygen or inert atmosphere, for example, is a 

treatment often performed prior to H2-TPR measurement, clearly simplifying the 

thermogram shape, at the cost of valuable information about the true nature of the catalyst 

studied. This aspect is particularly critical for Ru-based systems, where hydration state, 

defect density and partial oxidation can be strongly altered by thermal pretreatments.  

The thermograms obtained by H2-TPR can be regarded as the experimental 

fingerprint of the reduction mechanisms described above and can, therefore, provide 

qualitative insights into the reduction process. Sharp peaks indicate fast and collective 

reduction events, while broader features are signs of higher morphological or chemical 

heterogeneity within the same phase. When multiple peaks are observed, they can be 

attributed to the presence of different phases with distinct reduction thermodynamics, but 

may also arise from the sequential nature of the reduction process itself, such as multi-

step reduction pathway or the presence of different families of particles with significant 

difference in size.66,68,73–75 Importantly, these different contributions are often 

experimentally indistinguishable in a standalone H2-TPR experiment, as similar 

thermogram features may originate from fundamentally different underlying mechanisms. 
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Figure1.3 H₂-TPR profiles of Ru/Al2O3 catalysts with varying Ru loading and pretreatment conditions. 

(a) Comparison between calcined (500 °C) and non-calcined samples highlights the presence of 

multiple and partially overlapping reduction features associated with different Ru species. (b) Effect 

of increasing Ru loading on the reduction behavior, showing a progressive shift toward higher-

temperature contributions attributed to bulk-like RuO2. Adapted from references 68 and 75.  

The reduction of Ru oxide is typically observed within a relatively broad temperature 

window, with reported values for complete reduction commonly ranging from about 140 °C 

to 350 °C depending on precursor chemistry, metal loading, support and thermal history, 

whereas the need for temperatures above 400 °C is rarely reported.65,66,68,75–77 Moreover, 

most thermograms are not characterized by a single sharp feature, but rather by broad or 

multiple partially overlapping peaks, consistent with the coexistence of more than one 

reducible Ru species and/or with multi-step reduction processes. In calcined samples, a 

higher-temperature contribution is often associated with the reduction of bulk-like RuO2 

domains, whereas lower-temperature features are commonly attributed to more easily 

reducible surface RuOx species in highly dispersed nanoparticles. In catalysts prepared 

from RuCl3 precursors and characterized prior to calcination, an additional low-

temperature reduction peak is frequently observed and ascribed to precursor-derived Ru3+ 

species that persist after synthesis and washing. Systematic studies further show that 

increasing Ru loading tends to favor the formation of bulk RuO2 at the expense of more 

easily reducible dispersed species, while differences between preparation routes (e.g., 

incipient wetness impregnation vs deposition–precipitation) can lead to distinct 
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oxide/hydroxide or hydrated RuO2-like phases with different reducibility. Representative 

examples of such behavior, illustrating the coexistence of multiple reduction features and 

their dependence on metal loading and synthesis route, are shown in Figure1.3, where H2-

TPR thermograms of supported Ru catalysts display partially overlapping peaks associated 

with bulk-like RuO2, surface RuOx species and, in some cases, precursor-derived Ru3+ 

contributions. 

As a direct consequence of the coexistence of multiple and partially overlapping 

reduction pathways, the interpretation of H2-TPR data cannot be reduced to a one-to-one 

correspondence between a thermogram feature and a single elementary process. Instead, 

peak position, shape and intensity often reflect the simultaneous contribution of chemical 

reduction, dehydroxylation, nucleation of metallic Ru domains and transport phenomena. 

This intrinsic convolution has important implications not only for qualitative interpretation, 

but also for any attempt to extract quantitative kinetic information from H2-TPR 

experiments. Kinetic parameters, such as the activation energy of reduction, can be 

extracted from H2-TPR data by performing regression fits on thermograms using 

established models.70,78–82 However, this type of analysis requires detailed calculations and 

careful comparison procedures to obtain reliable results. Thus, the qualitative information 

that can be extracted from H2-TPR alone relies strongly on prior knowledge of the system 

and on the interpretation of the operator. This limitation becomes especially relevant for 

complex and highly sensitive systems, whose reduction behavior reflects a convolution of 

structural, chemical and transport-related phenomena. Under these conditions, similar 

thermogram features may originate from fundamentally different underlying mechanisms, 

limiting the unambiguous attribution of both qualitative descriptors and kinetic 

parameters.  

To overcome this limitation, the qualitative information inherently hard to extract 

from H2-TPR data can be unraveled by suitable coupling to other experimental techniques. 

The combination of H2-TPR with complementary structural and spectroscopic methods 

allows reduction events to be correlated with changes in oxidation state, local structure 

and dispersion, providing a more robust interpretation of the oxide-to-metal transformation 

in Ru-based catalysts. 
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1.2.3 Dispersion of the Ru phase 

Once the oxide phase has been reduced to metallic Ru, the dispersion of the metal phase 

becomes a key parameter for assessing the density and nature of accessible active sites. 

In Ru-based hydrogenation catalysts, dispersion directly influences not only the number of 

surface Ru atoms but also the relative abundance of low-coordinated sites, which are often 

associated with enhanced reactivity. However, the evaluation of dispersion in Ru systems 

is intrinsically non-trivial due to the strong sensitivity of Ru to its chemical environment and 

to the dynamic nature of the oxide-to-metal transformation. 

A common approach to estimate metal dispersion relies on chemisorption 

techniques, which probe the uptake of probe molecules irreversibly adsorbed on surface 

metal atoms under controlled conditions. For Ru-based catalysts, both H2 and CO have 

been employed as probe molecules, each presenting specific advantages and limitations. 

H2 chemisorption is frequently used to estimate Ru dispersion, owing to the strong 

interaction between H2 and metallic Ru and to the direct relevance of hydrogen adsorption 

for hydrogenation catalysis. Several studies have shown that, when properly conducted, H2 

chemisorption can provide dispersion values that are consistent with independent 

structural characterization methods such as XRD or electron microscopy.83–88 At the same 

time, the interpretation of H2 uptake on Ru is complicated by the possible formation of 

surface or subsurface hydride species, as well as by hydrogen spillover onto the support. 

These phenomena can lead to an overestimation of the number of exposed Ru sites and 

require careful experimental protocols and data interpretation. Therefore, H2 

chemisorption is often regarded as a semi-quantitative method for Ru dispersion, whose 

reliability depends strongly on catalyst formulation and measurement conditions.  

CO is another widely used probe molecule for dispersion measurements on noble 

metal catalysts and has also been extensively applied to Ru-based systems.75,89–92 CO 

chemisorption benefits from stronger and more localized interaction with Ru surface atoms 

and from a lower tendency to spill over onto the support. However, for Ru catalysts the use 

of CO as a quantitative probe is particularly challenging. Numerous studies have 

demonstrated that the stoichiometry of CO adsorption on Ru is not constant, but varies 

with particle size, surface structure and oxidation state.23–26,75,93,94 CO can adsorb on Ru in 

different geometries, including linear, bridged and multicarbonyl configurations, and the 

CO/Ru ratio is therefore not uniquely defined. As a result, CO chemisorption on Ru is often 

less reliable than H2 chemisorption for the determination of absolute dispersion values.  
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Within this framework, infrared spectroscopy of adsorbed CO represents a 

powerful complementary technique, providing qualitative insight into the surface structure 

and heterogeneity of metallic Ru nanoparticles. The number, position and relative intensity 

of ν(CO) bands are highly sensitive to the coordination environment of Ru atoms and can 

be used to distinguish between terrace, edge and defect sites. Highly dispersed Ru 

nanoparticles typically exhibit multiple CO adsorption bands, reflecting a broad 

distribution of surface environments, whereas larger particles or extended Ru surfaces 

often display fewer and sharper spectral features. Importantly, CO adsorption on Ru is not 

merely a passive probe of surface structure. The strong interaction between CO molecules 

and low-coordinated Ru atoms can promote the formation of multicarbonyl species and, 

under certain conditions, induce restructuring, fragmentation or partial oxidation of Ru 

nanoparticles.23–26,75,93,94 This phenomenon, often referred to as oxidative or corrosive 

disruption, introduces additional complexity in the interpretation of both CO chemisorption 

and CO-IR data. For this reason, CO-based techniques are most effectively employed in a 

comparative manner, for example to monitor changes in dispersion as a function of 

reduction conditions, metal loading or support properties, rather than as standalone 

quantitative tools. 

Overall, the reliable assessment of Ru dispersion requires a cautious and integrated 

approach. Chemisorption measurements provide useful estimates of metal surface 

exposure but are affected by probe-specific limitations, while spectroscopic techniques 

such as CO-IR offer detailed qualitative information on surface site distribution and 

heterogeneity. Combining these methods with structural characterization techniques, 

such as electron microscopy or X-ray diffraction, is therefore essential to obtain a 

consistent and physically meaningful description of dispersion in Ru-based catalytic 

systems. 

1.3 Purpose and structure of the PhD thesis 

Despite the long-standing industrial relevance of Ru-based catalysts, a unified 

understanding of how oxidized Ru phases transform into active metallic species, and how 

this transformation is affected by water, support and synthesis history, is still lacking. In 

particular, the reducibility of hydrated Ru oxide phases, the nature of intermediate states 

formed during activation, and the evolution of surface chemistry under working conditions 

remain open questions. This PhD work addresses these issues by following the 
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transformation of Ru catalysts from their oxidized, hydrated state to the reduced metallic 

phase through a combination of advanced bulk- and surface-sensitive characterization 

techniques. 

This PhD project is part of the European project Next Generation EU and was co-

funded by the Department of Chemistry of the University of Torino and the Catalyst Division 

of Chimet S.p.A. (https://www.chimet.com), an Italian company leader in the recovery and 

refining of precious metals. The work here presented was devoted to the study of 

industrially relevant Ru-based heterogeneous catalysts for hydrogenation reactions, either 

unsupported or supported on Al2O3 or active carbons. In particular, great effort was 

dedicated to the characterization of the reduction process of Ru oxidized phase and 

parameters influencing its reducibility.  

The discussion is organized to reflect the logical progression of the oxide-to-metal 

transformation, moving from the nature of the oxidized precursor to bulk reduction 

pathways, surface chemistry and, finally, the role of water as a key structural and kinetic 

variable. 

In chapter 2 will be presented the synthesis procedure used to obtain all studied catalysts 

as well as all the characterizations methods employed in this thesis. The experimental 

protocols chosen to achieve the best coupling among different techniques, together with 

additional information regarding data treatment, analysis and fitting procedures will also 

be presented. 

In chapter 3 the theme of the Ru oxide-hydroxide phase obtained via deposition-

precipitation will be discussed. The goal here was to perform a global characterization of 

the oxy-hydroxy Ru phase obtained in the pristine catalysts. The characterization of surface 

oxygenated species and reducibility was carried out on all four industrial Ru based 

catalysts. The analysis was performed by means of electron microscopy, H2-TPR 

measurements and O K-edge near edge X-ray absorption fine structure (NEXAFS). The 

structural properties of the oxy-hydroxy Ru phase were studied selecting two catalysts as 

representative systems. In particular, the unsupported and alumina-supported catalysts 

were chosen as limiting scenarios for metal-support interactions. The analysis was 

performed by means of high energy X-ray total scattering experiments, extracting both 

diffraction data (XRD) and pair distribution function data (PDF), and Ru K-edge X-ray 

absorption spectroscopy (XAS). This preliminary characterization laid the foundation for 
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the interpretation of support-dependent trends observed in all catalysts within this PhD 

work. 

In chapter 4 the focus will be on the reduction process of unsupported and Al2O3-supported 

Ru catalysts. To investigate the origin of the multi-feature profile of thermograms obtained 

with H2-TPR, indicating a complex reduction mechanism, the reduction process was 

monitored with cutting-edge bulk-sensitive synchrotron techniques, such as X-ray total 

scattering (XRD and PDF) and Ru K-edge X-ray absorption spectroscopy (XAS). All 

measurements were performed in situ using the same protocol of H2-TPR. The datasets 

obtained were analyzed with principal components analysis (PCA), followed by multivariate 

curves resolution (MCR). The evolution of surface species during reduction was instead 

investigated by coupling surface-sensitive techniques such as transmission Fourier-

transform infrared spectroscopy (FTIR) and O K-edge near edge absorption fine structure 

(NEXAFS), performing in situ experiments emulating the H2-TPR experimental protocol. 

Information regarding stability, coordination geometry and spillover of Ru hydrides species 

was collected by means of inelastic neutron scattering (INS) across sequential thermal and 

chemical treatments. These characterization techniques were coupled with catalytic tests 

for selective hydrogenation of benzaldehyde to benzyl alcohol.  

In chapter 5 the findings made on the Ru/Al2O3 catalyst will be extended with a systematic 

investigation of Ru catalysts supported on commercial alumina and activated carbons 

prepared by deposition-precipitation under industrially relevant conditions. By combining 

H2 temperature-programmed reduction (H2-TPR), CO pulsed chemisorption and O K-edge 

near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. Here the goal was to link 

the support-dependent structure of the hydrated Ru phase to H₂ consumption during 

reduction and to the evolution of dispersion upon drying and ageing. 

Finally, Chapter 6 will sum up all the salient results of the performed analysis, and will drive 

general conclusions and highlight remaining issues to be addressed in future works. 
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Chapter 2  

2 Experimental 
2.1 Catalysts preparation and storage 

The Ru-based catalysts investigated in this work were prepared in the Catalyst Division of 

Chimet S.p.A. following the pH-controlled precipitation and deposition-precipitation 

method,1,2 using RuCl3 as metal precursor and Na2CO3 as precipitating agent. All supported 

catalysts were prepared with a nominal Ru loading of 5 wt%.  

The unsupported Ru catalyst, hereby named Ruuns, was obtained by precipitating 

the RuCl3 precursor in H2O solution in the absence of any support. The alumina-supported 

catalyst (RuAl) was prepared in the presence of an industrial alumina (surface area = 121 

m2g–1, pore volume 0.43 cm3g-1, mixture of  and θ phases). The catalysts supported on 

activated carbons (RuCw and RuCch) were prepared using industrial carbons of wood 

origin differing in activation procedure. Cw was obtained by physical activation with water 

vapor at high temperatures, whereas Cch was chemically activated by treatment with 

H3PO4. Therefore, the two carbon supports differ not only in specific surface area (948 ± 2 

m2g-1 for Cw and 1541 ± 7 m2g-1 for Cch), but also in pore size distribution and in the type 

and abundance of oxygen-containing surface functional groups. Differences in porosity 

and surface functionality between Cw and Cch have been discussed in detail elsewhere.3–

6 After deposition–precipitation, RuCw and RuCch were treated in the liquid phase with a 

mild reducing agent (formic acid or formate salts), following industrial practice.  

After filtration, all catalysts were thoroughly washed with deionized water to remove 

residual chlorides and then dried overnight at 90 °C.  

To investigate the effect of post-synthesis drying, a new synthesis of the supported 

catalysts was performed following the same protocol described above. After washing, the 

catalysts were divided into two aliquots. One aliquot of each catalyst was kept in the wet 

state and dried overnight at different temperatures (70–120 °C) immediately prior to 

characterization. These samples will be denoted further as RuAl(w), RuCw(w) and 

RuCch(w), where (w) stands for wet. For ageing studies, the second aliquot was dried 

overnight at 90 °C and stored under ambient conditions for controlled periods of time 

before characterization.  

A summary of the catalysts that will be discussed is provided in Table 2. 1. 
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Table 2. 1 Summary of the catalysts studied with relevant synthesis parameters 

Sample Support Reducing agent Tdry overnight (°C) 

Ruuns - No 90 

RuAl Al2O3 No 90 

RuAl(w) Al2O3 No - 

RuCw Physically AC Na-formate 90 

RuCw(w) Physically AC Na-formate - 

RuCch Chemically AC Na-formate 90 

RuCch(w) Chemically AC Na-formate - 

 

2.2 FE-SEM and HR-TEM measurements 
Field emission scanning electron microscopy (FE-SEM) micrographs were collected with a 

FIB-SEM TESCAN S9000G equipped with a FEG type Schottky electron source with 

operating energies ranging between 2 and 15 keV. The samples were fixed to a metallic stub 

covered with carbon tape and sputtered with a Cr layer (2 nm) to enhance their 

conductivity.  

High resolution transmission electron microscopy (HR-TEM) measurements were 

carried out with a JEOL 3010-UHR instrument equipped with a LaB6 electron source 

operating at 300 kV, and a 2k × 2k pixel Gatan US1000 CCD camera. The samples were 

deposited onto copper grids covered in lacey carbon film without using any solvent, which 

could react with Ru oxy-hydroxide.  

2.3 In situ O K-edge NEXAFS spectroscopy and data 
treatment  

In situ Near Edge X-ray Absorption Fine Structure (NEXAFS) spectra at the O K-edge (520 - 

560 eV) were collected with a 0.1 eV energy step using a specially designed reactor cell7 

mounted at the APE-HE beamline of the Elettra Synchrotron radiation source (Trieste, Italy). 

NEXAFS spectra were acquired in Total Electron Yield (TEY) mode by measuring the drain 
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current from the sample with a picoammeter. In a typical experiment, the sample (~10 mg 

of powder) was hand-pressed into the sample-holder. The reactor cell was closed with a 

plug containing a SiN membrane transparent to soft X-rays (thickness: 150nm; window 

area: 0.5x0.5 mm2). In this configuration, the X-ray beam passes through the SiN membrane 

and a thin gas layer before reaching the sample. Particular care was taken to minimize the 

thickness of the gas layer while avoiding any electrical contact between the sample and the 

membrane, which is critical for stable TEY measurement. Once assembled and electrically 

connected, the cell was inserted in the ultra-high vacuum (UHV) chamber of the APE-HE 

beamline. The position of the SiN membrane, and hence the sample, was aligned with 

respect to the incident the beam by scanning the xy plane with a spatial precision of 

approximately 5 μm.  

The samples were first measured under flowing He at 25°C (50 ml/min) and 

successively heated up to 200°C under He flow with a temperature ramp of 5 °C/min in 

order to monitor the dihydroxylation and restructuring of surface oxygen species. After 

reaching 200 °C, the temperature was lowered back to ambient conditions under He flow, 

followed by isothermal exposure to a 5% H2/He mixture at room temperature for 30 min. 

Subsequently, the hydrogen reduction was carried out by heating the sample up to 200 °C 

with a temperature ramp of 5 °C/min under continuous flow of the 5% H2/He mixture, 

replicating the same thermal and chemical protocol adopted for the in situ IR experiments 

(see below). 

During a single experiment, the spectral baseline was observed to vary as a function 

of both temperature and gas environment. For this reason, the standard pre-edge/post-

edge normalization procedure commonly applied in hard X-ray XAS was not suitable. 

Instead, baseline subtraction was performed using a spline function constrained by 

selected points in the pre-edge and post-edge regions. The spectra were then normalized 

to the intensity of the broad feature centered around 540 eV, attributed to transitions 

involving antibonding O(2p) states hybridized with metal orbitals, and dominated by the 

features associated with the supports.8 This procedure compensates for variations in 

baseline slope and intensity, minimizes normalization artifacts, and ensures 

reproducibility of the spectral treatment, as shown in Figure 2.1 and Figure 2.2. 
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Figure 2.1 Examples of baseline correction and normalization NEXAFS spectra for Ruuns in different 
atmospheric and temperature conditions. (a) Example spectra and their respective spline baseline 
references. (b) Baseline subtracted example spectra. (c) Example spectra normalized with respect 
to the intensity of the absorption peak centered at 540 eV. 

 

 
Figure 2.2 Examples of baseline correction and normalization NEXAFS spectra for RuAl in different 
atmospheric and temperature conditions. (a) Example spectra and their respective spline baseline 
references. (b) Baseline subtracted example spectra. (c) Example spectra normalized with respect 
to the intensity of the absorption peak centered at 540 eV. 

In order to enable a semi-quantitative comparison of the spectral features 

associated with the Ru oxy-hydroxide phase in the pristine catalysts, the normalized O K-

edge NEXAFS spectra were further analyzed by spectral fitting. The fitting procedure was 

applied exclusively to spectra collected under identical experimental conditions and after 

the baseline correction and normalization described above. Each spectrum was fitted 

using a total of five components. Two broad components were introduced to reproduce the 

high-energy region dominated by the transitions to antibonding O(2p) states hybridized with 

metal p orbitals and extending above ~535 eV. In the case of supported catalysts, this 

bands are associated with support-related transitions, while in the case of Ruuns they are 

associated to transitions within RuO2. The spectral region of primary interest (528–535 eV), 

which contains the well-resolved pre-edge features characteristic of transitions to O(2p)-

Ru(4d) orbitals, was instead fitted using three distinct components (A, B and X). All spectral 

components were modeled using Voigt functions, in order to account simultaneously for 

instrumental broadening (Gaussian contribution) and intrinsic lifetime broadening of the 
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core-excited states (Lorentzian contribution). During the fitting procedure, the positions 

and widths of the support-related components were allowed to vary within narrow bounds 

to accommodate small differences in baseline curvature and support contribution among 

samples, while the number of components and their functional form were kept constant 

across all pristine catalysts. This approach ensures internal consistency of the fitting 

procedure and allows meaningful comparison of the relative intensities of the Ru-related 

pre-edge features (A, B and X) across different samples, while minimizing cross-correlation 

between the Ru-related contributions and the broad background associated with the 

support.  

2.4 H2-TPR measurements and data treatment 
H2-TPR experiments have been carried out with a Micromeritics Autochem 2910 

instrument, equipped with thermal conductivity detectors (TCD) and a liquid-nitrogen 

cryocooler for temperature control below room temperature. A molecular sieve trap was 

placed between the reactor and the detector to remove water formed during reduction. The 

detectors were calibrated using a CuO standard to quantify the H2 consumption. 

Approximately 100 mg and 10 mg of supported and unsupported catalysts, respectively, 

were loaded into a quartz reactor and flushed with Ar (50 ml/min) at room temperature for 

5 min to remove weakly adsorbed impurities. The temperature was then lowered to -70°C 

and the sample was exposed to a 5%H2/Ar flow (50 ml/min) and held at -70°C for 35 min to 

equilibrate temperature and detector signal. The temperature was subsequently increased 

to 400°C at a heating rate of 5°C/min. 

 For RuCw and RuCch, baseline subtraction was required to separate the reduction 

of the Ru oxy-hydroxy phase from contributions associated with the carbon support. It is 

well established in the literature that Ru-based catalysts supported on carbon can promote 

methanation of the carbon support under H2 at elevated temperatures, leading to 

additional hydrogen consumption.9–12 In addition, surface oxygen-containing functional 

groups on activated carbons undergo reduction at low temperatures, further complicating 

the interpretation of H2-TPR profiles. Despite the relevance of this issue, no standardized 

experimental protocol has been reported to unambiguously separate the reduction of 

supported Ru species from hydrogen-consuming processes associated with the carbon 

support. In this work, baseline profiles were obtained by heating the catalysts to 80 °C in 

He, followed by exposure to pure H2 for 5 min, as shown in Figure 2.3. This procedure 

represents a compromise between achieving complete reduction of the Ru phase while 

preserving the structural features of the carbon supports.  
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Figure 2.3 H2-TPR TCD signal (baseline uncorrected) for RuCw (green) and RuCch (violet). The dotted 
lines indicate the baseline correction curves and follow the same color scheme. 

For all samples, the initial analysis of the H2-TPR data consisted of determining the 

temperature of the main reduction maxima and the total integrated H2 consumption, 

denoted as 𝐻2(𝑒𝑥𝑝). To facilitate comparison between catalysts and drying/ageing 

conditions, the experimental H2 consumption was normalized to the theoretical value 

(𝐻2(𝑡ℎ𝑒𝑜)) expected for complete reduction of RuO2 according to the stoichiometry 𝑅𝑢𝑂2 +

2𝐻2 → 𝑅𝑢 + 2𝐻2𝑂. The resulting ratio, defined as 𝐻2(𝑟𝑎𝑡𝑖𝑜) = 𝐻2(𝑒𝑥𝑝)/𝐻2(𝑡ℎ𝑒𝑜) was 

used throughout the manuscript to quantify deviations from ideal RuO2 stoichiometry. 

For RuAl, where the reduction profiles exhibit sufficiently resolved features, fitting 

of the H2-TPR thermograms was performed using Origin software by standard least-squares 

minimization. Voigt functions were initially employed and subsequently simplified to 

Gaussian or Lorentzian functions when justified by the fitting results, to avoid 

overparameterization. The fitting procedure yields the number of contributing components, 

the position of the maximum temperature for each component, and the integrated area 

associated with each contribution, which corresponds to a defined amount of consumed 

H2. Due to the very broad and poorly defined nature of the reduction features observed for 

RuCw and RuCch, further peak fitting was not performed for these samples, as any fitting 

procedure would be highly under constrained and physically ambiguous. 

2.5 In situ X-ray total scattering and Ru K-edge XAS 
experiments 

In situ high-energy X-ray total scattering and transmission Ru K-edge XAS experiments were 

performed adopting the same experimental set-up and protocol. Approximately 30 mg of 
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sample were loaded in a flow-through cell specifically designed for in situ X-ray 

experiments, equipped with glassy carbon windows (diameter 13 mm) which ensures 

negligible residence time and leak-free gas flow through the catalyst bed.13 A typical 

measurement protocol was as follows. The sample was equilibrated in a 5% H2/Ar mixture 

(25 ml/min total flow) at 25°C for 30 minutes. The temperature was then increased to 400°C 

with a 5°C/min ramp, using a Eurotherm Nanodac 2.1 temperature controller. The 

equilibration time was extended compared to H2-TPR experiments to take into account the 

different geometry and bigger dead volume of the gas delivery system. 

In situ X-ray total scattering experiments were carried out at beamline ID15A (ESRF, 

Grenoble).14 The incident beam energy was 98 keV (λ= 0.126515 Å) and the scattered signal 

was collected with a Pilatus3 2M CdTe (Dectris AG, Switzerland) area detector, positioned 

at a sample-to-detector distance of 310 mm. The data were collected at a time resolution 

of 1 pattern/s. A CeO2 standard powder (NIST 674b) was used for the calibration of detector 

geometry and for determining the experimental resolution function. To isolate the signals 

associated with the Ru-phase Δ-XRD patterns were calculated as XRD(Ruuns)-XRD(empty 

cell) and XRD(RuAl)-XRD(Al2O3), Figure 2.4 and Figure 2.5 respectively, where XRD(empty 

cell) and XRD(Al2O3) are the patterns of the empty cell and of the alumina support collected 

under the same thermochemical conditions. To aid visual comparison, the Δ-XRD pattern 

of RuAl was then normalized for the Ru content to that present in Ruuns (5 wt% vs ca 76 wt%). 

The two-dimensional diffraction patterns were azimuthally integrated using Python 

scripts15,16 and PDFs were obtained using PDFgetx3.17 Data were corrected for the flat-field 

response and spatial distortion of the detector, beam polarization, and incident photon 

flux. The pattern of the empty cell collected under the same thermochemical conditions 

was subtracted as a background. The Q-range used to calculate the PDF was 0.9-20 Å-1. For 

RuAl, Δ-PDF patterns were calculated as PDF(RuAl)-PDF(Al2O3) (Figure 2.6).  
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Figure 2.4 XRD pattern of Ruuns compared to that collected with empty cell in the same experimental 
conditions (Ar flow at 25°C) and their difference.  

 

 
Figure 2.5 XRD patterns of RuAl compared to that of bare alumina collected in the same experimental 
conditions (5%H2/Ar flow at 25°C) and their difference. Intensity discrepancies from very intense 
signals related to alumina were impossible to compensate for and lead to the artefacts around 3 Å-1 
and 4.5 Å-1 in the difference pattern. 

The subtraction procedure for RuAl datasets was far from trivial and required 

interpolation and intensities adjustments to obtain a sensible outcome and compensate 

for artefacts arising from very intense alumina signals. Very intense signals in the bare 

alumina are in fact challenging to subtract from the catalyst pattern for two main reasons: 

i) the presence of Ru oxy-hydroxy nanoparticles in RuAl can cause differences in preferred 

orientation of alumina crystals leading to slight different intensity in the most intense 

alumina diffraction peaks; ii) intense alumina signals like the one centered around 4.5 Å-1 

(corresponding to the 440 plane in γ-Al2O3) can overstimulate the area detector leading to 
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a parasitic enhancement of the specific signal. Nevertheless, it was possible to minimize 

the occurrence of said artefacts maintaining information on the crystalline fraction of Ru 

oxy-hydroxide NP.  

 
Figure 2.6 PDF radial distributions of RuAl compared to that of bare alumina collected in the same 
experimental conditions (5%H2/Ar flow at 25°C) and their difference.  

 Ru K-edge XAS measurements were carried out in transmission mode at the ID24 

DCM beamline (ESRF, Grenoble).18 The white beam was monochromatized using a fixed exit 

double crystal monochromator equipped with Si(111) and Si(311) crystals, and two 

harmonic rejection mirrors positioned between the monochromator and the undulator.19 

Three ionization chambers were employed as detection systems: one before the sample to 

normalize with respect to the incident beam intensity, one after the sample to measure the 

X-ray absorption by the sample, and one after a metallic Ru reference to provide correct 

alignment of the edge position. The spectra were acquired in the 21799 – 23192 eV energy 

range, with an energy step of 0.5 eV and a total integration time of ~ 7 seconds. The XAS 

data were aligned and normalized using the Athena software.20,21 EXAFS data analysis was 

performed using the Arthemis software.20,21 The k3χ(k) functions were Fourier-Transformed 

in the Δk = 3 - 15 Å-1 region. Fits were performed in R-space (ΔR = 1 - 4 Å), using the scattering 

path simulated from the rutile RuO2 CIF file.  

 A method combining in sequence principal component analysis (PCA) and 

Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) was applied to analyze 

the XAS data for both RuAl and Ruuns, with the aim to obtain quantitative insights into the 

local structure modifications during the reduction process. The same approach was also 

applied to analyze the XRD data for RuAl to investigate the long-range structure 

modifications, while it was inconclusive for Ruuns due to the amorphous nature of the initial 
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state. The PyFitit software,22 designed to perform PCA on XAS data, was employed for the 

first step of the analysis to gain insights on the possible number of primary components 

that can be extracted from each set of data. The output of the PCA was used as input 

information for the subsequent MCR-ALS analysis, to determine the nature and to quantify 

the fraction of each component at each point in time/temperature. The MCR analysis was 

conducted with the pyMCR Python package.23 MCR-ALS analysis used as few constraints 

as possible on the experimental data. The initial-guess spectra/patterns were selected as 

the first and the last, respectively, for the starting and ending component. The initial-guess 

spectrum/pattern for the intermediate components was selected choosing the dataset at 

which PCA with 2 components had the greatest unexplained variance, namely where the 

model with 2 components failed the most to explain the dataset variance. The only 

component for which concentration constraints were applied was the Ru metal 

component. Its concentration at the beginning of the reduction is considered to be null, as 

confirmed by independent techniques, and it is unambiguously dominant, hence equal to 

1, at the end of the reduction event. Therefore, only the first and the last point of the 

datasets are constrained to have Ru metal concentration equal to 0 and 1 at the start and 

at the end of the dataset respectively, while for the rest of the dataset its concentration was 

free to vary. The other two components’ concentrations and profiles were not subject to 

any chosen constraint. 

2.6 Catalytic tests 
Catalytic tests were carried out at 500 rpm in a 100 mL stainless steel reactor (Parr 

Instrument, 4560 Mini Reactor System). The reactor was loaded with the selected catalyst, 

either Ruuns or RuAl, suspended in 40 mL of a 0.1 M benzaldehyde solution in 

tetrahydrofuran (THF), corresponding to a substrate-to-catalyst molar ratio of 30:1. The 

system was purged three times with high-purity H2 (99.99%) to remove atmospheric air. The 

reactor was then pressurized to 10 bar with high-purity H₂ and heated to the desired 

reaction temperature. 

At the end of the reaction, the system was cooled to 10°C and the pressure was 

carefully released. The organic phase was then analyzed by off-line gas chromatography 

using tetradecane as the external standard. Analyses were performed on an Agilent 6890 

gas chromatograph equipped with a wide-bore capillary column (CP-WAX 52CB, 60 m × 

0.53 mm internal diameter) and a flame ionization detector (FID). Nitrogen was used as the 

carrier gas at a flow rate of 2 mL/min. The temperature program began with a 5-minute 
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isotherm at 50 °C, followed by a temperature increase of 5 °C/min to 230 °C, held for 2 

minutes, then further increased at 15 °C/min to 250 °C and held for 5 minutes.  

Conversion and product selectivity were defined and calculated as follows: 

Conversion (%)=
mol of reacted benzaldehyde 

mol of benzaldehyde feed
×100 

Liquid phase selectivity (%)=
mol of specific product in liquid phase

sum of mol of all products in liquid phase
×100 

All compounds observed were calibrated with respect to tetradecane as external standard 

in order to determine the corresponding response factor within the appropriate 

concentration range. Carbon balance was evaluated by using GC-FID quantification, with 

carbon loss found to be below 2% in all catalytic experiments. 

2.7 In situ FT-IR spectroscopy 
The in situ transmission IR spectra were acquired with a Bruker INVENIO R FT-IR 

spectrophotometer, equipped with a mercury cadmium telluride (MCT) cryogenic detector, 

at a spectral resolution of 2 cm-1. The samples (approximately 5–10 mg) were pressed into 

self-supporting thin pellets and inserted into the sandwich cell developed by Ensicaen 24 

using the dedicated sample holder. The background spectrum was recorded using the 

empty cell under He flow (50 ml/min) and averaged over 64 scans, while the subsequent 

spectra were averaged over 32 scans, corresponding to an acquisition rate of 

approximately 1 spectrum per minute. 

In situ dehydration of the catalyst was carried out by heating the sample up to 200 

°C under flowing He (50 ml/min) with a temperature ramp of 3 °C/min, followed by a short 

isothermal hold at 200 °C to ensure effective desorption of physisorbed water and surface 

hydroxyl groups. The temperature was then lowered to ambient conditions under He flow 

(50 ml/min), followed by isothermal equilibration under a 5% H2/He mixture (50 ml/min) for 

30 min. The TPR experiment was subsequently performed by increasing the temperature to 

200 °C at a rate of 3 °C/min under continuous flow of the 5% H2/He mixture (50 ml/min). 

2.8 INS spectroscopy 
The Inelastic Neutron Scattering (INS) experiment were carried out on the IN1 Lagrange 

(LArge GRaphite ANalyser for Genuine Excitations) spectrometer at the Institute Laue 

Langevin (ILL, Grenoble, France).25 Monochromators employing Si(111), Si(311) and 
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Cu(220) crystals were used to select the incident neutron energy, resulting in an effective 

beam size on the sample of approximately 3 x 3 cm2. The scattered neutrons were collected 

by a pyrolytic graphite (PG) analyzer-detector system, covering a large solid angle of 

approximately 0.8π ≈ 2.5 Steradians. The analyzer, with a total reflecting surface of ~1 m2, 

is arranged around the vertical sample-detector axis and set to reflect neutrons with a fixed 

average final energy of 4.5 meV. A cooled (70 K) Be filter is positioned in between sample 

and PG analyzer to suppress higher harmonics. Spectra were collected scanning the energy 

of the incident neutron beam in the range 4.5 meV to 300 meV. The transformation 

coefficient from the physical unit of meV used to collect the data and spectroscopic unit of 

cm-1 used in the plots of this thesis is 8.065. 

INS measurements required prior activation of the samples under static conditions. 

For this purpose, approximately 8 g of catalyst were heated from 25 to 200 °C in a quartz 

tube connected to a vacuum line under dynamic vacuum. The sample was left to 200 °C 

until reaching a vacuum as low as 10-5 mbar. At that point, the sample was exposed to pure 

H2 (~100 mbar) for 30 min, followed by evacuation of the system down to the minimum 

attainable pressure (~10-5 mbar). This H2 dosing–evacuation cycle was repeated three times 

to ensure complete reduction of the Ru oxy-hydroxide nanoparticles and removal of the 

water produced during the reduction. After activation, the samples were transferred and 

stored in hermetically sealed containers inside a N2-filled glovebox and subsequently 

mounted into a dedicated INS measurement cell connected with a gas handling system 

stick within the glove box to prevent reoxidation prior to measurements. The INS gas 

handling systems allow control of the atmosphere inside the measurement cell through a 

static gas-dosing system coupled with a vacuum line. The sample cell was shielded with a 

Cd mask featuring a 30x18 mm2 window to define a well-controlled probed surface.  

For the INS measurements, samples were either evacuated at the minimum 

attainable pressure (~10-7 mbar) or dosed with pure H2 (~400 mbar) at ambient 

temperature, depending on the experimental protocol. Following gas dosing or evacuation, 

the samples were cooled down to 20 K using a closed-cycle refrigerator, to minimize Debye-

Waller factor and so enhance resolution of spectral features. Cooling to cryogenic 

temperature also stabilizes hydrogen species on the Ru surface and suppresses diffusional 

motion. 
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2.9 CO chemisorption measurements and dispersion 
analysis 

CO pulsed chemisorption experiments were carried out using a Micromeritics Autochem 

2910 instrument, equipped with TCD detectors. All samples were activated in situ by 

isothermal reduction at 120 °C under pure H2 for 5 minutes. This short activation step was 

chosen to minimize structural evolution while ensuring reduction of the Ru oxy-hydroxy 

phase. After reduction, samples were purged with He (50 ml/min) and cooled to 40 °C. CO 

was then introduced via a calibrated loop using a sequence of 10 pulses. The amount of CO 

not adsorbed by the catalyst was monitored by the TCD, and saturation was assumed when 

successive pulses produced constant peak areas. The total amount of adsorbed CO was 

calculated from the cumulative difference between the initial pulses and the saturated 

signal. Dispersion values were calculated assuming a stoichiometric CO/Ru ratio of 1. This 

value was used solely for comparative purposes, as discussed in the Results and 

Discussion, and does not imply a one-to-one adsorption stoichiometry on Ru surfaces. 
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Chapter 3 

3 The Ru oxide-hydroxide phase obtained with 
deposition-precipitation method 
3.1 Chapter overview and scope 
In this chapter the theme of the Ru oxide-hydroxide phase will be discussed addressing a 

pivotal question regarding the characterization heterogeneous catalysts obtained via 

deposition-precipitation: what is the true structural and chemical nature of the oxidized Ru 

phase and how do support and synthesis conditions influence its reducibility? The goal is 

to perform a global characterization of the oxy-hydroxy Ru phase obtained in the pristine 

catalysts coupling bulk- and surface-sensitive techniques to electron microscopy 

qualitative observations and H2-TPR measurements. This experimental approach allows for 

a coherent description of the as-synthetized oxy-hydroxide phase, laying the foundation for 

the interpretation of the reduction process.  

 While O K-edge NEXAFS spectroscopy was performed on all the four catalysts 

presented in this work, for the structural characterization performed by means of X-ray total 

scattering and X-ray absorption experiments, only two catalysts were selected as 

references, namely RuAl and Ruuns, as they represent the limit scenarios in terms of metal-

support interactions. The selection of bulk techniques having complementary sensitivities 

towards local and long-range order allowed for the complete description of inherently 

heterogeneous systems where very small nanoparticles coexist with larger aggregates. The 

surface properties of the four catalysts have marked support-induced differences; 

however, they preserve a common theme: a high level of hydration and/or protonation of 

the oxygenated surface species leads to the stabilization of the uncommon peroxo Ru-O-O 

groups.  

 The reducibility of the four catalysts was measured by means of H2-TPR, highlighting 

how the oxy-hydroxide phase obtained by deposition-precipitation method is not reduced 

through a simple redox mechanism, since all samples exhibit complex thermograms. 

Support-induced differences in the oxy-hydroxide Ru phase have a direct influence on the 

reduction process, effectively describing kinetic H2-TPR fingerprints for each catalyst. 

Furthermore, H2-TPR revealed that and that the consistent overconsumption measured 

across all samples can be explained by the presence of peroxo species. 
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3.2 Morphological features of pristine catalysts 
Figure 3.1 shows representative FE-SEM images of Ruuns at increasing magnifications, 

revealing irregularly shaped particles composed of aggregated nanostructures a few tens 

of nanometers in size. This indicates that during the precipitation the growth of Ru oxy-

hydroxy species into large particles is hindered, in agreement with the reported stability of 

colloidal Ru oxy-hydroxy in H2O.1 Moreover, these images suggest that the mild conditions 

of the drying thermal treatment (90° C) were not sufficient to cause massive sintering.  

 
Figure 3.1 Representative FE-SEM pictures of Ruuns at magnifications: (a) 30kx, (b) 150kx, (c) 500kx 

and (d) 1090kx.  
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Figure 3.2 Representative HR-TEM micrographs of RuAl at 250kx magnification. 

RuAl was investigated by HR-TEM (Figure 3.2) to obtain morphological information 

on the supported Ru oxy-hydroxy nanoparticles, as well as to determine their size 

distribution. It was possible to detect isolated Ru oxy-hydroxy nanoparticles of few 

nanometers, as well as much larger dark spots. The small nanoparticles, averaging around 

1 nm in size, point out that the synthesis procedure yielded a highly dispersed Ru oxy-

hydroxy phase despite the high Ru loading. The large dark spots instead can be attributed 

to agglomerates of smaller Ru-containing entities with a high degree of hydration, forming 

likely as a consequence of the change in the surface charge of the first deposited particles, 

which in turn behave as secondary nucleation points.1 These agglomerates appear spatially 

localized on specific regions of the Al2O3 surface, while the smallest nanoparticles are more 

homogeneously distributed across the support. Due to the inherent poor contrast between 

fully oxidized Ru species and the alumina support, arising from their similar electron 

density, a statistically reliable particle size distribution could not be extracted.  

In contrast, RuCw (Figure 3.3) displays a more homogeneous morphology, 

characterized by a narrow population of very small nanoparticles with an average size close 

to 1 nm. Hydrated RuOx(OH)y agglomerates are still detected but are significantly less 

abundant than in RuAl. RuCch (Figure 3.4) presents an intermediate situation between RuAl 
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and RuCw. Very small nanoparticles are observed, with a broader size distribution than in 

RuCw, but still smaller on average than those supported on alumina. At the same time, the 

occurrence and size of hydrated RuOx(OH)y agglomerates more closely resemble those 

observed for RuAl, albeit to a lower extent. The lower density of the carbon support 

enhances the contrast between Ru species and the support; however, the lack of sharp 

particle contours prevents a reliable determination of the particle size distribution. 

 
Figure 3.3 Representative HR-TEM micrographs of RuCw at (a,b) 200kx and (c,d) 300kx 
magnification. 
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Figure 3.4 Representative HR-TEM micrographs of RuCch at (a,b) 200kx, (c) 400kx and (d) 500kx 

magnification. 

Overall, these observations indicate that deposition–precipitation leads to a highly 

dispersed Ru-containing phase on all supports, simultaneously promoting the formation of 

hydrated agglomerates whose abundance and morphology depend strongly on the nature 

and surface chemistry of the support. In particular, the relative amount of agglomerated Ru 

oxy-hydroxy species appears to follow a qualitative trend, being lowest on the physically 

activated carbon (RuCw), intermediate on the chemically activated carbon (RuCch), and 

highest on alumina (RuAl). This trend suggests a correlation between the density and 

reactivity of surface oxygen-containing functional groups on the support and the propensity 

of Ru hydroxide species to nucleate and grow into larger hydrated agglomerates during 

deposition–precipitation. While TEM alone does not provide information on the oxidation 

state of the Ru species, it clearly highlights support-dependent differences in dispersion 

and aggregation that are expected to influence the subsequent chemical evolution of the 

Ru phase. 
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3.3 Structural properties of the unsupported and alumina-
supported Ru oxy-hydroxy phase 

While the morphological analyses discussed in Sections 3.1 were systematically extended 

to all pristine catalysts, a detailed investigation of the bulk and local structure of the Ru oxy-

hydroxide phase by X-ray diffraction (XRD), pair distribution function (PDF) analysis and Ru 

K-edge X-ray absorption spectroscopy (XAS) was carried out only for selected 

representative systems. Specifically, the Ruuns and RuAl were chosen as reference cases 

for in-depth structural analysis. These two systems represent limiting scenarios in terms of 

metal–support interaction and structural organization of the Ru phase and therefore 

provide a robust framework for identifying the fundamental structural motifs of the Ru oxy-

hydroxide phase obtained by deposition–precipitation. Although activated carbon supports 

are, in principle, highly suitable for total scattering and XAS measurements due to their 

weak and featureless scattering background, the limited availability of synchrotron 

beamtime required a focused experimental strategy. As a result, priority was given to 

systems expected to exhibit the largest degree of structural differentiation in the oxidized 

state. The insights gained from Ruuns and RuAl are subsequently used as structural 

benchmarks for interpreting support-dependent trends observed for all catalysts using 

complementary techniques. 

The Δ-XRD patterns (Figure 3.5a) indicate that: i) Ruuns is completely amorphous; ii) 

at least a fraction of the supported Ru-phase in RuAl is present as crystalline RuO2 

nanoparticles with rutile structure (with an average particle size ~5 nm estimated through 

the Scherrer equation2 applied to the 110 and 211 peaks, at 2.0 and 3.7 Å-1), which can be 

associated with the larger dark spots in the HR-TEM images; iii) the crystalline RuO2 phase 

sits atop an amorphous background, suggesting that the distribution of particle sizes 

comprises a mode (~5 nm) and a broad tail of much smaller amorphous nanoparticles. 
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Figure 3.5 Structural results for Ruuns (red) and RuAl (blue) pristine samples measured in inert flow at 

25°C. (a) Diffraction patterns after subtraction of the cell contribution and, for RuAl, of the pattern of 

alumina collected in the same experimental conditions, normalized to the amount of Ru by 

multiplying RuAl pattern by 15.2=76/5. The main reflections of rutile RuO2 are also reported (green 

lines). The stars refer to the main artefacts induced by the non-perfect subtraction of the alumina 

and glassy carbon signals for RuAl. (b) Pair distribution functions after subtraction of the cell 

contribution and, for RuAl, of the pattern of alumina collected in the same experimental conditions, 

normalized to the amount of Ru. The main Ru-O (black) and Ru-Ru (grey) contributions of the rutile 

RuO2 reference are also reported. (c) Not phase-corrected |FT| of the k3-weighted Ru K-edge EXAFS 

signals. 

The Δ-PDFs (Figure 3.5b) reveal that the short-range structure (up to the third-

nearest neighbor) is the same for both samples and corresponds to that of rutile RuO2.3–5 

Namely, Ru is surrounded by six neighboring O atoms, with Ru-O distances at 1.94–1.98 Å 

in a 2:4 multiplicity ratio (first peak in the Δ-PDF patterns). These [RuO6] elongated 

octahedra share their edges to form chains along the c axis, and their vertices to form a 

three-dimensional structure, where each [RuO6] octahedra chain is linked to other four 

chains. Consequently, the Δ-PDF shows two Ru-Ru peaks: around 3.1 Å (i.e. [RuO6] 

octahedra sharing the edges, multiplicity 2) and around 3.5 Å (i.e. [RuO6] octahedra sharing 

the vertices, multiplicity 8). Ruuns is more disordered than the Ru-phase in RuAl, as 

evidenced by: i) the broader peaks (e.g. full-width-at-half-maximum, FWHM, of the Ru-Ru 

peak at ≈ 3.5 Å is 0.211 ± 0.006Å for RuAl and 0.287 ± 0.002 Å for Ruuns); and ii) the much 

shorter coherence length (i.e. the maximum distance within which the positions of the 

atoms are significantly correlated). The Δ-PDF signal vanishes before 10 Å for Ruuns, while 

for RuAl it does not decrease significantly even at 35 Å (Figure A1). Moreover, the peaks of 

Ruuns are systematically shifted to longer distances, suggesting a slightly expanded 

framework compared to that of the Ru-phase in RuAl.  
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Complementary information on the local structure of the two pristine catalysts is 

obtained from the Ru K-edge EXAFS radial distribution functions (Figure 3.5c and Figure A2) 

and their fit results (Figure 3.6). Fit results on the first shell Ru-O (Table 3.1) indicate six first-

shell oxygen neighbors in both cases, but at a slightly shorter distance for Ruuns and with a 

higher Debye-Waller factor (0.011 vs. 0.006 Å-2). In the |FT| of the EXAFS signal, two peaks 

associated with Ru neighbors are observed for RuAl (around 2.6 and 3.2 Å, not phase-

corrected), corresponding to the Ru-Ru distance of two [RuO6] octahedra sharing an edge 

or a vertex, respectively. The second Ru-Ru peak has been found to be sensitive to the 

hydration state and disappears for RuO2*nH2O samples with n>2.6 In RuAl, these two 

contributions exhibit similar intensity, despite their different multiplicity. Similar spectra 

were reported for RuO2*nH2O with n~0.29.6 The lower number of Ru neighbors estimated by 

the fit (Table 3.1) with respect to bulk RuO2 could be due to the presence of a fraction of 

small RuO2 particles, as evidenced by HR-TEM (Figure 3.2). In fact, the Debye-Waller 

factors associated with the Ru-Ru scattering paths (0.004 Å-2) do not suggest a large 

structural disorder.  

In contrast, only the shorter Ru-Ru contribution is present for Ruuns in the EXAFS |FT|. 

The fact that the longer Ru-Ru peak is, instead, observed in the Δ-PDF of Ruuns can be 

explained by the higher sensitivity of EXAFS to local disorder, defects, and multiple 

scattering effects beyond the second-nearest neighbours.7–10 In EXAFS, contributions from 

several scattering atoms at similar distances may interfere destructively due to their 

complex phase components, cancelling each other out and reducing the visibility of certain 

peaks. In contrast, PDF analysis provides local structural information through a Fourier 

transform of the total scattering pattern, which includes the summed contributions from 

all atom pairs within the probed volume. This makes PDF more robust in detecting atomic 

structural correlations, even in systems with significant disorder or overlapping atomic 

distances.5,7,11 The fit of the Ruuns EXAFS spectrum resulted in an overestimated number of 

Ru neighbors at ~3.1 Å with respect to that in crystalline RuO2 and with a large associated 

error, which is likely the consequence of the presence of additional Ru neighbors at longer 

distances, as observed in the Δ-PDF, whose contribution to the EXAFS was not possible to 

simulate.  
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Figure 3.6 |FT| (a and b) and Im(FT) (c and d) of the k3-weighted EXAFS functions for pristine Ruuns (a 

and c) and RuAl (b and d) and their fit. The dotted vertical lines indicate the windows considered for 

the fitting procedure. 

Table 3.1 Results of the EXAFS data analysis for pristine Ruuns and RuAl. 

 
Scattering 

species 
NC 

(atoms) 
R (Å) σ2 (Å-2) Χ2

ν 
R factor 

(%) 

Ruuns 

O1 1.9 ± 0.4 1.904 ± 0.015 0.011 ± 0.002 

17 4.9 O2 3.8 ± 0.8 1.954 ± 0.015 0.011 ± 0.002 

Ru1 2.8 ± 2.0 3.092 ± 0.018 0.011 ± 0.004 

RuAl 

O1 1.9 ± 0.3 1.932 ± 0.010 0.0062 ± 0.0010 

62 4.4 

O2 3.8 ± 0.6 1.984 ± 0.010 0.0064 ± 0.0010 

Ru1 1.1 ± 0.5 3.091 ± 0.010 0.004 ± 0.002 

Ru2 2.1 ± 1.0 3.553 ± 0.010 0.004 ± 0.002 
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Overall, the structural data shown in Table 3.1 demonstrate that, despite the 

identical synthesis conditions, the resulting Ru-oxide/hydroxide phase is different between 

the two samples. Ruuns is amorphous, more hydrated, and its local structure is 

characterized by a larger contribution from edge-sharing [RuO6] octahedra. The alumina-

supported RuAl, instead, consists of Ru-oxide/hydroxide particles with a broad size 

distribution. Large (around 5 nm) RuO2 nanoparticles with an ordered rutile structure 

dominate the Δ-XRD, Δ-PDF and EXAFS signals. However, the structural data can be fully 

explained only by considering also the presence of very small nanoparticles (around 1 nm), 

which are indeed observed by HR-TEM as discussed in Chapter 3.  

3.4 Local oxygen environment of Ru oxy-hydroxy phase as a 
function of the support  

The structural analysis discussed in Section 3.2 provides detailed insight into the bulk and 

medium-range organization of the Ru oxy-hydroxide phase for selected reference systems. 

However, such techniques are inherently limited in their ability to capture subtle variations 

in surface chemistry and local oxygen coordination, particularly when extending the 

comparison across different supports. To overcome these limitations and to enable a 

systematic comparison of all pristine catalysts investigated in this work, the analysis is here 

extended to a surface- and local-environment-sensitive spectroscopic probe. To this end, 

the local oxygen coordination environment of Ru species in the pristine catalysts was 

investigated by O K-edge NEXAFS spectroscopy (Figure 3.7a-d and Figure A3). This 

technique probes transitions from O(1s) core levels to unoccupied hybridized O(2p) states. 

Those transitions involving O(2p) hybridized with Ru(4d) orbitals are sensitive to the 

chemical environment and coordination geometry of oxygen species associated with Ru, 

such as terminal oxygen (μ1(O)), bridging oxygen (μ2(O)) and peroxo-like moieties.12,13 

Marked differences in the O K-edge spectral profiles are observed depending on the nature 

of the support, indicating that the Ru oxy-hydroxide phase generated by deposition–

precipitation does not share a unique local structure across different supports.  

The O K-edge XAS spectra are dominated by a broad, absorption peak centered 

around 540 eV (Figure A3), which is attributed to transitions involving antibonding O(2p) 

states hybridized with metal (3s, 3p, 3sp) states and, in the case of supported catalysts, is 

dominated by the spectroscopic fingerprints of the supports.14 For all samples, three pre-

edge peaks are observed in the 526 – 532.5 eV region (labelled A, B, X in Figure 3.7d) and 

are distinctive of the oxygen species interacting with the oxy-hydroxy Ru phase. Peaks A and 

B, which are not observed in the spectrum of bare Al2O3 and active carbon supports 
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measured in the same conditions,14 are ascribed to electronic transitions from O(1s) to 

hybridized O(2p)-Ru(4dt2g) and O(2p)-Ru(4deg) orbitals, respectively. 14 Fit results are 

reported in Table 3. 2.  

In the O K-edge XAS spectrum of Ruuns, peaks A and B are located at 529.1 eV and 

532.0 eV, i.e. the crystal field splitting between Ru(4deg) and Ru(4dt2g) orbitals is Δ=2.9 eV, 

in agreement with that reported by Occhialini et al. for bulk RuO2.15 The relative intensity of 

these two peaks is about 1.1. According to the DFT calculation of Deka et al.12 the position 

and the relative intensity of peak A is highly sensitive to the local coordination and 

protonation state of the oxygen species, allowing to distinguish μ1(O), μ2(O), or μ3(O) oxygen 

species (i.e. oxygen atoms bound to 1, 2, or 3 Ru atoms, respectively) and μ1,2(OH) species 

(i.e. protonated linear (μ1) and bridged (μ2) oxygen species). In general, a progressive shift of 

peak A toward higher photon energies is accompanied by a marked decrease in intensity 

when moving from low- to high-coordination oxygen environments. Following this 

assignment, the position of peak A at 529.1 eV is compatible with a majority of μ1(O) 

species.  

The O K-edge spectrum of RuAl is very similar to that of Ruuns, even though the pre-

edge peaks are much less intense relative to the broad feature at 540 eV, which is a 

consequence of the low Ru loading in RuAl. Peaks A and B are positioned at 529.4 and 531.9 

eV (crystal field splitting Δ=2.5 eV), with a A/B relative intensity of approximately 0.84. While 

the energy separation between these features is comparable to that of stoichiometric 

RuO2,15 their relative intensity (0.84) deviates significantly from the ratio obtained for 

crystalline rutile RuO2 (1.18)12 , indicating a structurally disordered Ru oxide phase enriched 

in low-coordination oxygen species. Importantly, the energy position and relative intensity 

of the Ru(4dt2g) related feature indicate a significant contribution from terminal μ1(O) 

species, i.e. oxygen atoms singly coordinated to Ru centers.12 These species are 

fingerprints of RuO2-like crystalline local environments and require a sufficiently extended 

Ru–O network to be stabilized and have been previously observed also in unsupported Ru 

oxy-hydroxide system.12,13  
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Figure 3.7 Normalized O K-edge NEXAFS spectra of (a) Ruuns, (b) RuAl, (c) RuCw and (d) RuCCh in the 

pre-edge region, together with best-fit components, highlighting support-dependent differences in 

the local oxygen coordination of the Ru phase. Baseline corrected H2-TPR profiles of (e) Ruuns, (f) 

RuAl, (g) RuCw and (h) RuCch, showing the corresponding reduction behavior and the position of the 

main reduction maxima. 

The assignment of the intermediate peak X around 530.9 eV,14 observed in the O K-

edge spectra of all samples, is more complicated. Even though its position coincides with 

that of the O(1s)→O(π*) transition in molecular O2, its stability in He flow at 25°C and the 

observation that it declines upon increasing the temperature (vide infra) suggest it is more 

likely associated with intrinsic O-containing species in the samples. A peak in this position 

is often linked to the presence of surface O-O species or O dangling bonds caused by 

radiation damage.16,17 In the context of the oxygen evolution reaction using Ru-
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oxides/hydroxides anodes, it has been proposed that peroxo O-O species can be formed 

by interaction of μ1(O) with H2O.13,18–20  

Table 3. 2 Main results of the fit of the O K-edge NEXAFS data for pristine Ruuns, RuAl, RuCw and 
RuCch. 

 Peak A Peak X Peak B 

 Center (eV) Area Int Center (eV) Area Int Center (eV) Area Int 

Ruuns 529.154±0.006 1.12±0.02 530.818±0.006 0.51±0.05 531.99±0.03 2.59±0.09 

RuAl 529.37±0.03 0.32±0.05 530.942±0.012 0.2±0.2 531.9±0.3 0.6±0.2 

RuCw 529.70±0.03 0.22±0.07 530.863±0.011 0.5±0.2 532.13±0.11 0.7±0.2 

RuCch 529.89±0.04 0.18±0.07 530.912±0.009 0.39±0.08 532.44±0.09 0.54±0.13 

 

The assignment of the intermediate peak X around 530.9 eV,14 observed in the O K-

edge spectra of all samples, is more complicated. Even though its position coincides with 

that of the O(1s)→O(π*) transition in molecular O2, its stability in He flow at 25°C and the 

observation that it declines upon increasing the temperature (vide infra) suggest it is more 

likely associated with intrinsic O-containing species in the samples. A peak in this position 

is often linked to the presence of surface O-O species or O dangling bonds caused by 

radiation damage.16,17 In the context of the oxygen evolution reaction using Ru-

oxides/hydroxides anodes, it has been proposed that peroxo O-O species can be formed 

by interaction of μ1(O) with H2O.13,18–20  

The O K-edge NEXAFS spectra of both carbon-supported catalysts (Figure 3.7c,d 

and Figure A3c,d) differ markedly from that of Ruuns and RuAl. In both cases, the Ru(4dt2g) 

related feature (peak A) is shifted toward higher photon energy. This position is compatible 

with contributions from bridging μ2(O) species and from protonated μ1(OH) groups,12 while 

it does not support the presence of terminal μ1(O) species. The absence of μ1(O) signatures 

indicates that RuO2-like local environments are not stabilized on carbon supports, and that 

the Ru oxy-hydroxy phase remains predominantly amorphous and hydroxylated. In 

addition, both carbon-supported catalysts exhibit spectral features (peak X) attributable to 

peroxo-like Ru–O–O species, indicating that such moieties are stabilized also in the 

absence of terminal μ1(O) groups. The coexistence of hydroxylated and peroxo species 
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suggests that, on carbon supports, the Ru phase remains highly hydrated and structurally 

disordered at the surface.  

This behavior can be rationalized by the limited ability of carbon supports to 

promote condensation reactions between Ru–OH species and the support surface. In the 

absence of oxide sites capable of forming Ru–O–support linkages, surface hydroxyl groups 

remain protonated and stabilized by hydration and hydrogen bonding, preventing the 

formation of extended RuO2-like networks required for μ1(O) stabilization. In contrast, on 

alumina, condensation of Ru–OH groups leads to Ru–O–Al anchoring, which promotes 

local structural ordering and enables the stabilization of RuO₂-like domains featuring 

terminal μ1(O) species.  

3.5 Reducibility of Ru oxy-hydroxy phase as a function of the 
support  

Figure 3.7 (e-h) shows the H2-TPR profiles of the four samples collected from –70°C and 

normalized to the Ru amount. For the carbon-supported catalysts, the thermograms were 

baseline-corrected as described in Chapter 2 to remove contributions associated with the 

reduction of the support (Figure 2.3). Clear differences in reduction onset temperature, 

profile shape and peak resolution are observed, highlighting the strong influence of the 

support on the reducibility of the Ru-based phase formed by deposition–precipitation. The 

main quantitative parameters extracted from the H₂-TPR profiles, including the reduction 

onset temperature (Tstart) and the temperature of the maximum reduction rates (Tmax), are 

summarized in Table 3.3. 

The thermogram of Ruuns spans over the 40 – 130 °C temperature range, in which a 

sharp and intense peak at 67 °C is followed by a second broader peak around 94 °C (with a 

shoulder at 88 °C). The thermogram of RuAl spans the 70 – 200 °C range and shows two 

main peaks around 101 °C (shoulder at 93°C) and 116 °C (with a long asymmetrical tail at 

high temperatures). Even though less reducible than Ruuns, RuAl is still highly reducible 

compared to other alumina-supported Ru-based catalysts of similar Ru loading reported in 

the literature.21–25 The higher reducibility of Ruuns with respect to RuAl can be rationalized 

considering a more defective and disordered structure, enabling H2 activation already at 

ambient temperature thus shifting the whole reduction to lower temperatures. The lower 

reducibility of RuAl is instead associated with higher particle stability due to strong metal-

support interaction. Two main H2 consumption events are observed for both samples that 

can be related to: i) two families of nanoparticles differing in size; ii) two types of Ru species 
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of different oxidation state, or iii) the occurrence of a two-step consecutive reduction 

process. 21–25 As it will be clarified extensively in Chapter 4, in situ experiments support the 

interpretation of the two-step reduction process.  

The reduction onset temperature of RuAl is higher than that of both carbon-

supported catalysts, consistent with stronger metal–support interactions and with the 

larger average size of Ru-containing entities observed by HR-TEM. For both RuCw and 

RuCch, complete reduction is achieved above approximately 150 °C. The RuAl thermogram 

(Figure 3.7f) is characterized by relatively sharp and well-resolved features, indicative of a 

more regular reduction behavior compared to RuCw and RuCch, which instead exhibit 

broader and less resolved profiles.  

RuCw displays a single dominant reduction feature centered at approximately 90 

°C, with no clearly resolved secondary peaks (Figure 3.7e). Given the NEXAFS evidence for 

a predominantly hydroxylated Ru environment and the absence of μ1(O) signatures, this 

profile is best interpreted as a regime where the transformations are strongly overlapped, 

and the reduction intermediate does not accumulate. As a result, reduction proceeds 

through a series of activation energies, too close in value to one another to be kinetically 

resolved, giving rise to a single broad reduction feature.  

RuCch exhibits a more complex H2-TPR profile compared to RuCw, characterized 

by a sharp low-temperature reduction feature at approximately 75 °C followed by a broader 

and asymmetric contribution extending to higher temperatures (Figure 3.7f). This behavior 

indicates a partial kinetic separation of reduction events, intermediate between the fully 

overlapped regime observed for RuCw and the well-resolved two-step reduction 

characteristic of RuAl. The more heterogeneous oxygen coordination inferred from 

NEXAFS, and the higher degree of aggregation suggested by microscopy, plausibly broaden 

the reduction barrier distribution and allow partial kinetic stabilization of the reduction 

intermediate on a subset of sites, without fully resolving the two intrinsic redox steps. 

However, the absence of μ1(O) features in NEXAFS indicates that even in RuCch these 

domains do not evolve into RuO2-like ordered structures, explaining why the two intrinsic 

redox steps result only partially resolved. 

In all cases, the total H2 consumption exceeds the theoretical value expected for 

the reduction of stoichiometric RuO2 (H2(ratio) in Table 3.3). This overconsumption cannot 

be attributed to experimental artefacts and reflects additional hydrogen-consuming 

processes occurring during reduction. It can be attributed to several factors: i) presence of 
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a second phase beside RuO2 in which Ru has an average oxidation state higher than four; ii) 

presence of surface peroxo groups,13,18–20 which can react with H2 to form water; iii) spillover 

of H atoms on the support triggered by the formed metallic Ru. The O K-edge XAS data 

discussed above strongly support hypothesis ii), therefore the excess H2 uptake is 

attributed to the reduction of non-stoichiometric oxygen species, such as peroxo-like Ru–

O–O moieties. Importantly, these contributions affect the overall hydrogen balance but are 

not expected to give rise to distinct, well-separated reduction peaks. 

 

Table 3.3 Reduction onset temperature (Tstart), temperature of the main reduction maxima (Tmax), 

H2(ratio), defined as the experimental H₂ consumption determined from H2-TPR measurements 

normalized to the theoretical value expected for complete reduction of RuO2, and apparent Ru 

dispersion values obtained from pulsed CO chemisorption measurements, calculated assuming a 

CO/Ru adsorption stoichiometry of 1. All data refers to catalysts from the first aliquot, dried 

overnight at 90 °C and stored under ambient conditions prior to characterization. 

Sample 

H2-TPR 

D (%) 

Tstart (°C) Tmax (°C) H2(ratio) 

Ruuns 45 67 | 94 1.10 0 

RuAl 68 101 | 116 1.16 22 

RuCw 46 90 1.35 84 

RuCch 49 75 | 85 1.10 66 

A qualitative correlation between the excess hydrogen consumption measured by 

H2-TPR and the relative intensity of peroxo-related features observed by O K-edge NEXAFS 

is shown in Figure 3.8. When plotting the normalized intensity of the peroxo-related band 

against the H2 consumption ratio, a linear trend is observed for three samples, indicating 

that an increasing peroxo contribution is associated with increasing hydrogen 

overconsumption. This trend includes RuAl and RuCw and Ruuns, while RuCch deviates 

from this correlation. The deviation of RuCch is likely due to the substantial contribution of 

oxygen-containing functional groups associated with the chemically activated carbon 

support to the O K-edge signal, which complicates a quantitative comparison. 
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Figure 3.8 Fitted integrated area of peak X (peroxo moieties) as function of the H2 consumption ratio. 
Area values have been normalized to the area of 4deg resonance for quantitative comparison. 

3.6 Conclusions 
This chapter provided a comparative description of the oxidized Ru oxy-hydroxide phase 

generated by deposition–precipitation (and related precipitation routes) on industrially 

relevant supports, with the aim of identifying how morphology and local oxygen 

coordination govern the apparent reducibility observed by H2-TPR. 

Electron microscopy showed that all synthesis routes considered lead to highly 

dispersed Ru-containing species, despite the relatively high metal loading. On alumina, 

very small nanoparticles coexist with hydrated agglomerates localized on specific regions 

of the support, whereas on activated carbons the Ru phase is generally more uniformly 

dispersed and agglomerates are less abundant. Although the intrinsic contrast limitations 

prevent a robust particle size distribution for some supported samples, the qualitative 

trend is clear: the extent of aggregation of the oxidized Ru phase depends strongly on the 

support surface chemistry, being highest on alumina, intermediate on chemically activated 

carbon, and lowest on physically activated carbon. 
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Bulk- and local-structure probes applied to selected reference systems (Ruuns and 

RuAl) indicate that the oxidized Ru phase cannot be described as a single, well-defined 

RuO2 phase. Instead, it spans a continuum from highly disordered and short-coherence-

length RuO2-like motifs (dominant in the unsupported sample) to more ordered rutile-like 

RuO₂ domains coexisting with a fraction of highly dispersed and hydrated species (in the 

alumina-supported catalyst). These results establish that identical synthesis conditions 

can yield markedly different degrees of structural ordering depending on whether Ru 

species evolve in the absence of a support or are anchored to an oxide surface. 

Surface-sensitive TEY-NEXAFS O K-edge revealed that the local oxygen 

environment of the oxidized Ru phase is strongly support-dependent. Unsupported and 

alumina-supported samples display clear signatures consistent with the presence of 

terminal low-coordination oxygen species (μ1(O)), indicative of partially RuO2-like local 

ordering. In contrast, carbon-supported catalysts lack μ1(O) fingerprints and are dominated 

by hydroxylated oxygen environments, consistent with a more amorphous and highly 

hydrated Ru oxy-hydroxide phase. In all systems, an additional pre-edge contribution is 

observed and attributed to peroxo-like Ru–O–O species, whose stabilization is favored by 

hydration and surface disorder. 

These differences in local oxygen coordination directly determine the reduction 

behavior observed by H2-TPR. Catalysts exhibiting a higher degree of RuO2-like domains 

display more resolved reduction features, while highly hydrated and structurally disordered 

systems show broader and more overlapped reduction events. In all cases, the total 

hydrogen consumption exceeds the stoichiometric value expected for RuO2 reduction. The 

combined NEXAFS and TPR evidence supports the interpretation that this 

“overconsumption” primarily originates from the reduction of non-stoichiometric oxygen 

species, including peroxo-like Ru–O–O moieties, rather than from experimental artefacts. 

Overall, the results demonstrate that the Ru oxy-hydroxide phase obtained by 

deposition–precipitation is not a universal precursor, but a support-dependent family of 

hydrated and partially ordered structures. This support-controlled local oxygen 

coordination governs both the shape of H2-TPR profiles and the hydrogen balance during 

reduction. The structural identity and evolution of the reduced and intermediate states 

implied by the multi-feature TPR thermograms will be addressed in the following chapter 

through bulk-sensitive in situ investigations. 
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Chapter 4 

4 From oxidized Ru oxy-hydroxide to metallic Ru: 
bulk and surface pathways  
4.1 Chapter overview and scope 
Building on Chapter 3, where support-dependent differences in the oxidized Ru oxy-

hydroxide precursor and its H2-TPR fingerprints were established, this chapter addresses a 

central chemical question: how does the DP-derived oxidized Ru phase transform under 

activation conditions, and which transient states and surface species govern hydrogen 

uptake and reactivity? While temperature-programmed techniques provide clear 

phenomenological evidence of complex reduction behavior, they do not directly reveal the 

structural identity of the species involved nor the role played by the catalyst surface during 

activation.  

To answer this, bulk-sensitive in situ synchrotron methods (Ru K-edge XAS, high-

energy total scattering/PDF, and XRD) were coupled with surface-sensitive spectroscopies 

(in situ IR, O K-edge NEXAFS and INS). This integrated experimental strategy allows for 

direct monitoring of the evolution of the Ru phase across multiple length scales, from long- 

and medium-range structural motifs in the bulk to local coordination environments of 

oxygen- and hydrogen-containing species at the surface and at the metal–support 

interface. This multiscale approach effectively connects i) the multi-event features 

observed in H2-TPR thermograms, ii) the formation of transient bulk intermediate phases, 

and iii) the evolution of oxygenated and hydrogen-containing surface species responsible 

for H2 activation and transfer. By explicitly correlating kinetic signatures with time-resolved 

structural and spectroscopic information, the chapter aims to move beyond a purely 

descriptive interpretation of reducibility toward a mechanistic understanding of Ru 

activation. 

Ruuns and RuAl are used as reference systems to disentangle intrinsic properties of 

the Ru oxy-hydroxide network from support effects, representing two limiting cases in 

terms of structural order, hydration and metal–support interaction. The surface study is 

then focused on RuAl, where the Ru/support interface can be probed directly. This choice 

enables a detailed investigation of how surface dehydration, oxygen restructuring and 
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hydrogen adsorption cooperate with bulk reduction processes to determine the active 

state of Ru-based catalysts under hydrogenation conditions. 

4.2 Bulk reduction pathway: identification of a transient Ru(III) 
phase 

4.2.1 Two-step reduction fingerprints: kinetic evidence from in situ Ru 
K-edge XAS 

In view of the sensitivity of Ru K-edge XAS spectroscopy to the defective local structure of 

the Ru phases, the reduction behavior of both Ruuns and RuAl was investigated by means of 

in situ XAS spectroscopy. As described in Chapter 2, the H2-TPR experiment started at 25°C 

with an isothermal step in H2/Ar at 25°C, followed by the temperature ramp and by another 

isothermal step in H2/Ar at 200°C.  

 
Figure 4.1 Evolution of the normalized Ru K-edge XAS spectra of (a-b) Ruuns and (c-d) RuAl during the 

H2-TPR experiment in the (a-c) XANES and (b-d) EXAFS regions. The first and last spectra are reported 

with dotted lines. 

Figure 4.1 shows the evolution of the normalized Ru K-edge XAS spectra for both 

samples in the XANES (a-c) and EXAFS (b-d) regions. Not only the initial (Figure A2a-c), but 

also the final spectra (Figure A2d-f) of both catalysts are very similar. The EXAFS spectra at 

the end of the experiments have been fitted with R-factors ≤ 1% (Figure A4 and Table A1) 

using scattering paths calculated from Ru hcp metal CIF file with FEFF. While in both cases 

the Ru-oxide/hydroxide phase has been completely reduced to metallic Ru at the end of the 
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temperature ramp in H2/Ar, the reduction kinetics are clearly different: Ruuns is substantially 

reduced already during the isothermal step in H2 at 25°C, in marked contrast to RuAl whose 

spectra do not change appreciably in the same conditions.  

To better understand the reduction behavior of the two samples, the two experimental 

datasets of Figure 4.1 were analyzed by means of a PCA/MCR-ALS approach. The outcomes 

of this analysis are reported in Figure 4.2. For both Ruuns (Figure 4.2a-b) and RuAl (Figure 

4.2d-e), the XAS spectra of the initial and final components optimized by MCR coincide with 

the first and last experimental spectra. This indicates that the initial state and the final state 

of each sample are each well described by a single, distinct spectral component – one for 

the oxidized state (Ru-ox) and one for the metallic state (Ru-met). Additionally, a third 

component (Ru-interm) is required to accurately reconstruct both datasets, capturing a 

transitional phase between the two stable states. 

 

Figure 4.2 Results of the MCR analysis on the Ru K-edge XAS spectra of Figure 4. Optimized 

components for Ruuns in the (a) XANES and (b) EXAFS regions and (c) evolution of their relative 

fraction as a function of time and temperature (yellow area). Optimized components for RuAl in the 

(d) XANES and (e) EXAFS regions and (f) evolution of their relative fractions as a function of time and 

temperature (blue area). 

Starting the discussion from Ruuns, the relative fraction of the initial Ru-ox 

component rapidly declines already during the isotherm in H2/Ar at 25°C in favor of the Ru-

interm component, which accounts for ~ 50% of the total Ru-phase at the end of the 

isothermal step (Figure 4.2c). Almost no Ru-met is formed at this stage. The relative fraction 

of the Ru-interm phase peaks (80% of the total) at the beginning of the temperature ramp, 

around 60 °C. Then, between 60 and 80°C, the concentration of the Ru-interm component 
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drops to zero, while that of Ru-met quickly goes from less than 10% to 100% completing the 

reduction around 90°C. Thus, the profiles reported in Figure 4.2c reveal that the H2-

reduction of Ruuns proceeds through two consecutive steps: before reaching 60°C the initial 

Ru-oxide/hydroxide phase is almost completely converted into an intermediate phase, 

which in turn is rapidly reduced to Ru metal with a maximum in the conversion rate around 

73°C. This is in accord with the two reduction events observed in the H2-TPR profile. 

Notably, the temperatures values corresponding to the maximum rate of the two 

consecutive reactions are very similar to those of the two peaks observed in the H2-TPR 

performed in the same conditions (i.e. starting from 25°C, Figure A5).  

As to the H2-reduction behavior of RuAl (Figure 4.2f), during the isothermal 

treatment in H2/Ar at 25°C only around 10% of the initial Ru-ox component is converted into 

Ru-interm, while no Ru-met is formed. Only int the range 60-90°C does the Ru-ox 

component rapidly drop (to about 10% of the total) and Ru-met starts to appear. Ru-interm 

peaks at 90°C, while Ru-met still accounts for about 40%. From that point on, both Ru-

interm and the residual Ru-ox are converted into Ru-met, and the reduction is completed 

at around 130 °C. Even though less clearly than for Ruuns, also in this case the MCR analysis 

(Figure 4.2f) suggests that reduction of the supported Ru-oxide/hydroxide phase to Ru 

metal proceeds through an intermediate phase. The first derivative of the composition 

profile for Ru-interm as a function of temperature (Figure A6) displays three main peaks: 

two positive around 60 and 85°C, which correspond to the formation of Ru-interm from Ru-

ox, and one negative around 120°C, corresponding to the conversion of Ru-interm to Ru-

met. Very similar peaks are observed in the H2-TPR thermogram collected starting from 

25°C (Figure A5). 

4.2.2 Structural fingerprints of the intermediate phase: EXAFS 
evidence for a Ru(III)-containing motif 

To clarify the nature of the intermediate phases, the XAS spectra for the Ru-interm 

components optimized with MCR-ALS were Fourier-Transformed (Δk = 3 – 15 Å-1) and fitted 

in R space. The results are shown in Figure 4.3 and Table 4.1, and are very similar for Ruuns 

and RuAl. The results of the fitting procedure indicate a slight decrease in the number of 

first shell oxygen neighbors with respect to the pristine state, and an elongation of the 

average Ru-O bond lengths by about 5%. At longer distance, the fits indicate the presence 

of a Ru contribution at around 2.5 Å (phase corrected), i.e. much shorter than the Ru-Ru 

distance in rutile lattice (3.1 Å). A similar contribution was previously observed in the EXAFS 

data for amorphous and partially hydrated RuO2 * nH2O with n ≈ 2,1 and in the PDF patterns 
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of RuOx materials prepared by electroless deposition.2 It was proposed that this short Ru-

Ru contribution fits the metastable corundum-like Ru2O3 structure, where neighboring 

[RuO6] octahedra share a face instead of edges and vertices.2  

 
Figure 4.3 (a,b) Phase-uncorrected |FT| and (c,d) Im(FT) of the k3-weighted optimized spectra (dotted) 

of the Ru-interm components obtained from the PCA-MCR analysis of the XAS dataset for Ruuns (a,c) 

and RuAl (b,d), compared to the best fits (full lines). The fitted single scattering paths are also 

reported (vertically translated). The dotted vertical lines indicate the windows considered for the 

fitting procedure. 
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Table 4.1 Results of the fit of the Fourier-Transformed EXAFS spectrum for the Ru-interm 

component defined by MCR for both Ruuns and RuAl. 

 Scattering 
species 

NC (ATOMS) R (Å) σ2 (Å-2) χ2
ν R factor (%) 

 

Ruuns 

O1 1.8 ± 0.3 2.012 ± 0.010 0.0040 ± 0.0010 

129 2.0 
O2 3.6 ± 0.5 2.055 ± 0.010 0.0040 ± 0.0010 

Ru1 0.7 ± 0.5 2.539 ± 0.012 0.0040 ± 0.0005 

Ru2 0.5 ± 0.2 3.121 ± 0.013 0.0040 ± 0.0005 

RuAl 

O1 1.8 ± 0.3 1.96 ± 0.05 0.001 ± 0.003 

7489 3.5 O2 3.7 ± 0.6 2.06 ± 0.02 0.001 ± 0.003 

Ru1 0.9 ± 0.4 2.549 ± 0.007 0.003 ± 0.002 

 

4.2.3 Capturing the intermediate in real space: PDF evidence for short 
Ru-Ru correlations 

The same in situ H2-reduction experiments discussed above were repeated using high 

energy X-rays total scattering. The resulting PDF data provides a complementary 

perspective to that offered by EXAFS. The discussion will focus here on the case of Ruuns, 

where the PDF signals originate exclusively from the Ru phase and are not affected by 

interference from the support. Figure 4.4 for Ruuns shows the evolution of the Δ-PDF 

patterns, obtained by subtracting the first pattern of the dataset from the subsequent ones, 

during both the isothermal reduction at 25 °C (a) and the temperature ramp (b).  



70 
 

  
Figure 4.4 Evolution of the Δ-PDF patterns of Ruuns, obtained by subtracting the first pattern of the 

dataset from the subsequent ones during H2-TPR experiment: (a) isothermal segment at 25 °C; (b) 

TPR ramp from 25 °C up to 200 °C. Dark grey vertical lines show Ru-Ru distances in the hcp lattice 

from CIF file.3,4 

During the isothermal segment three main features are observed: i) the first Ru-O 

(~1.9 Å) and the second Ru-Ru (~3.5 Å) peaks shift to higher distances, as evidenced by the 

derivative-like shape of the differential signal; ii) the intensity of the first Ru-Ru peak (~3.1 

Å), characteristic of the RuO2 rutile motif, decreases; iii) a new peak emerges at ~2.6 Å. 

These changes indicate an overall expansion of Ru-O bond lengths within the amorphous 

rutile-like structure and the replacement of the original Ru–Ru distance with a shorter one, 

consistent with the condensed face and edge-sharing octahedra in the proposed Ru2O3 

motif. This transformation likely occurs via the formation of oxygen vacancies, which at first 

induce longer octahedral Ru-O distances rather than the suppression of Ru-O distances. 

During the temperature ramp, the features associated with this intermediate Ru2O3-like 

phase gradually give way to peaks characteristic of metallic Ru, in agreement with the 

results obtained from complementary techniques. The peak observed at the end of the 

isotherm (2.61 Å) is ~3% shorter than the final Ru–Ru distance in metallic Ru (2.68 Å) (Figure 

4.4b), and this cannot be explained by thermal expansion alone (which would account for 

~0.3%). 
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Figure 4.5 Evolution of the Δ-PDF patterns of RuAl, obtained by subtracting the first pattern of the 

dataset from the subsequent ones, during H2-TPR experiment: (a) isothermal segment at 25 °C; (b) 

TPR ramp from 25 °C up to 200 °C. 

A similar trend is observed in the PDF data for RuAl during the temperature ramp 

(Figure 4.5b), where the most intense Ru metal signal rising (~2.7 Å ) initially shows a 

shoulder centered around 2.6 Å, attributable to the intermediate phase. During the 

isothermal equilibration step it is more difficult to spot the same trends in signals as in 

Ruuns. Foremost the Ru amount probed is significantly lower in the cell (5wt% in RuAl against 

76% in Ruuns), worsening the signal to noise ratio. In this case, the varying scattering 

contribution of the support can be sidestepped by applying the PCA/MCR-ALS approach 

described previously to the XRD data collected during the same experiment (Figure 4.6a).  
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Figure 4.6. (a) Evolution of the XRD patterns of RuAl during the whole H2-TPR experiment. (b) MCR 

optimized components, and (c) MCR optimized fraction profiles (c) as a function of time (white 

background) or temperature (blue background). 

The analysis identified three components in the raw data (Figure 4.6b), 

corresponding to the initial and final patterns of the dataset, and a third component 

distinctive of the intermediate phase (Ru-interm). The evolution of the relative 

concentration of these three components over time/temperature (Figure 4.6c) closely 

matches the concentration profiles derived from the XAS data (Figure 4.2f), confirming with 

an independent technique the origin of the two reduction events observed by H2-TPR. 

Concerning the nature of the intermediate phase, the corresponding optimized 

pattern (Figure 4.6b) resembles that of rutile RuO2, but with peaks shifted to lower Q values, 

indicating lattice expansion. Similar effects were reported for oxygen-deficient RuO2 

systems, i.e. RuO2-x,5,6 and are well-documented in other reducible metal oxides, such as 

CeO2.7–9 The formation of oxygen vacancies leads to partial reduction of the metal ions, 

which have larger ionic radii, and also to a decrease in the covalency between the metal 

and the oxygen (i.e. a decrease in M-O bond strength). Both phenomena contribute to the 

observed lattice expansion. Although it was not possible to isolate distinct XRD signals 
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confirming the presence of a corundum-like Ru2O3 intermediate phase, the observed lattice 

expansion and the formation of oxygen vacancies are consistent with the emergence of a 

less densely packed structure, such as corundum Ru2O3. XRD is more sensitive to the large 

crystalline RuO2 domains (such as those detected by HR-TEM, Figure 3.2). In these 

domains, the formation of a corundum-like structure is likely confined to defects, unstable 

exposed surfaces, or interfaces with the support. In contrast, the small amorphous Ru 

nanoparticles are more likely to host the intermediate phase, but due to their lack of long-

range order, they do not contribute significantly to the XRD signal. This structural 

heterogeneity within the RuAl system, where crystalline and amorphous domains coexist, 

can therefore explain the discrepancies observed between different characterization 

techniques. 

4.3 Surface evolution during activation of RuAl 

4.3.1 Thermal dehydration in He  

The bulk-sensitive analysis presented in Section 4.2 demonstrated that the reduction of 

DP-derived Ru oxy-hydroxide phases proceeds through a non-trivial pathway involving a 

transient Ru(III)-containing intermediate. However, bulk structural information alone does 

not capture how the catalyst surface (i.e. where hydrogen activation and catalytic reactions 

occur) evolves during activation. In particular, it remains unclear how dehydration, oxygen 

restructuring and hydrogen exposure modify the population of surface oxygen species and 

the availability of reactive Ru sites. To address these questions, the evolution of surface 

species was investigated by combining in situ IR spectroscopy and O K-edge NEXAFS under 

activation conditions analogous to those employed in Section 4.2. RuAl was selected as a 

model system, as it provides a well-defined Ru–alumina interface and allows the direct 

correlation between bulk reduction phenomena and surface chemistry. 

As a first step, RuAl was subjected to a mild thermal treatment under flowing He up 

to 200°C, aimed at progressively removing physisorbed water. This dehydration step was 

intentionally introduced as preconditioning for surface sensitive spectroscopies, aimed at 

progressively removing molecularly adsorbed water to enhance the visibility of the intrinsic 

spectroscopic fingerprints of surface oxygen species and, in subsequent steps, hydrogen-

derived intermediates. The process was monitored by means of in situ IR spectroscopy and 

O K-edge NEXAFS (Figure 4.7 ), allowing a direct correlation between the evolution of 

surface hydrogen-containing species and the coordination environment of oxygen at the 

Ru–support interface. 
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Figure 4.7 (a) In situ IR spectra and (c) normalized O K-edge NEXAFS spectra of RuAl collected during 

dehydration under inert flow in the 25 – 200 °C temperature range. Panels (b) and (d) report a 

magnification of the most relevant spectral regions. 

The initial IR spectrum (Figure 4.7 a) is dominated by vibrational features 

characteristic of a hydrated alumina surface.10,11 In particular, a broad and intense 

absorption centered around ~3500 cm-1 is observed, arising from the stretching vibrations 

of surface hydroxyl groups and physisorbed water molecules engaged in an extended 

hydrogen-bonding network. A band at 1644 cm-1 is also present and is assigned to the 

bending mode of molecular water. In the 1700-1300 cm-1 region, a few additional bands are 

observed, likely arising from a combination of water-related modes and weakly adsorbed 

surface species. At this stage, the IR response is therefore dominated by support-related 

contributions, and the strong vibrational signatures of adsorbed water largely mask any 

potential contribution from Ru-associated surface species. The O K-edge NEXAFS 

spectrum of the pristine catalyst (Figure 4.7 c,d) has been extensively analyzed in Chapter 

3.  

As shown in Figure 4.7 a, increasing the temperature under He flow leads to a 

progressive depletion of the IR bands associated with physisorbed water indicating 
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effective dehydration of the surface. In parallel, the overall absorption baseline of the 

spectra progressively increases with temperature, an effect attributed to enhanced 

thermal scattering. This behavior is commonly observed during in situ heating experiments 

and does not carry specific chemical significance. As the dominant water-related 

contributions are progressively suppressed, a weak but reproducible IR band becomes 

discernible around 1840 cm-1 region (Figure 4.7 b). The assignment of this band is far from 

trivial. Features in this spectral region are rarely observed for pristine catalysts and mostly 

associated with overtones of various fundamental Ru-O stretching vibrations expected to 

occur in the 800-1000 cm-1 region. 12–14 IR spectroscopy alone does not provide sufficient 

specificity to discriminate among these possibilities, and the origin of this band must be 

analyzed in conjunction with complementary information on the evolution of surface 

oxygen species. In this respect, O K-edge NEXAFS provides direct insight into the 

restructuring of oxygen-containing species at the RuO2-x surface during dehydration. 

The temperature-dependent evolution of the NEXAFS spectra (Figure 4.7 d) provides 

the required chemical context to rationalize the emergence of the IR band. During the 

dehydration, peak A (associated with the Ru(4dt2g) orbitals) progressively shifts towards 

higher energy, indicating a modification of the oxygen coordination and electronic 

environment at the Ru-oxide surface upon water removal. This evolution reflects a 

progressive depletion of weakly bound and protonated μ1(OH) species (poorly visible), 

which are converted into more strongly bound μ2(O) species via dihydroxylation. The onset 

of this transformation coincides with the appearance of the IR band around 1840 cm-1. At 

the same time, peak X (associated with peroxo species) decreases in intensity and shifts to 

higher energy, indicating partial consumption or transformation of these species during 

dehydration. Concomitantly, the A/B peak intensity ratio decreases to ~0.6, and a −0.5 eV 

shift in the Ru M2-edge is observed (Figure A7), providing independent evidence for partial 

surface reduction and the formation of a sub-stoichiometric RuO2-x phase. Within this 

framework, the loss of μ1(O)/μ1(OH) species is therefore not a simple desorption process, 

but is intrinsically connected to oxygen condensation, vacancy formation, and the 

electronic reduction of the Ru-oxide surface. 

In parallel to these changes in the Ru-related spectral features, additional sharp 

resonances appear at 533.4, 535.4, and 536.6 eV in the O K-edge spectra. These features 

are characteristic of gas-phase H2O and arise from electronic transitions associated with 

molecular water released during dehydration and surface de-hydroxylation. The 

observation of these gas-phase contributions is strongly influenced by the geometry of the 
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experimental cell, which partially confines reaction products and allows transient 

accumulation of desorbed species in the probed volume. As a result, the intensity of the 

gas-phase H2O peaks increases during the dehydration ramp, reaches a maximum, and 

then gradually decreases, following a kinetic behavior governed by the balance between 

H2O production at the surface and its removal by the inert gas flow. The exact temporal 

evolution of these features is therefore determined by cell geometry and by the efficiency 

of gas exchange, rather than by intrinsic changes in surface chemistry. 

Based on these combined spectroscopic observations, the IR absorption band 

appearing at ~1840 cm⁻¹ is proposed to be reflecting the vibrational signature of peroxo-

related surface species undergoing a coordination rearrangement during dehydration. At 

low temperature, Ru-O-O groups are likely present in “bent” configuration, stabilized by 

hydrogen bonding with neighboring surface hydroxyls. In this highly hydrated and 

heterogeneous environment, their vibrational modes are expected to be weak, broadened, 

and largely obscured by intense OH-related features. Progressive removal of surface 

hydroxyl groups upon heating disrupts these stabilizing interactions, favoring a 

reorganization of peroxo species into a more symmetric side-on (η2) coordination geometry 

at the Ru-oxide surface. Coordination-driven rearrangements of peroxo species and their 

impact on metal–oxygen electronic coupling have been highlighted by recent density 

functional theory studies, including the work of Di Liberto et al.,15 who showed that changes 

in peroxo geometry are accompanied by substantial modifications of the electronic 

structure and bonding character at oxide surfaces. Such a configuration enhances metal–

oxygen orbital overlap and vibrational coupling, rendering overtone or combination modes 

of the O–O and Ru–O stretches more likely to become observable. In this context, the band 

observed at ~1840 cm⁻¹ can be rationalized as an overtone associated with side-on 

coordinated peroxo species, rather than as the overtone of a single Ru=O vibration. 

Overall, the combined IR and O K-edge NEXAFS data reveal that thermal 

dehydration is not a passive removal of water, but an active restructuring process of the Ru-

oxide surface. This process involves hydroxyl condensation, peroxo rearrangement, partial 

surface reduction, oxygen vacancy formation, and the stabilization of a defective RuO2-x 

phase. The IR band at ~1840 cm-1 thus emerges as a sensitive marker of this surface 

reorganization, while NEXAFS provides the chemical specificity required to rationalize its 

origin. 
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4.3.2 H2 reduction of the RuO2-x phase and transient hydride formation  

The reducibility of the supported RuO2-x phase and the evolution of surface species under 

hydrogen were investigated by in situ IR spectroscopy and O K-edge NEXAFS, following a 

temperature program analogous to classical H2-TPR experiments after the dehydration 

treatment (Figure 4.8 ).  

 
Figure 4.8 (a,c) In situ IR and (e) normalized O K-edge spectra of RuAl collected during H2-TPR in the 

25 – 200°C temperature range. Parts (b,d) and (f) report a magnification of the most relevant spectral 

regions. 

Upon exposure of the dehydrated catalyst to H2, the IR band observed after 

dehydration at ~1840 cm-1 rapidly vanishes (Figure 4.8 a,b). This abrupt disappearance 

occurs in parallel with the attenuation of the NEXAFS peak X previously associated with 
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peroxo-like Ru–O–O surface species (Figure 4.8 e,f), indicating that these oxygenated 

functionalities do not survive under reducing conditions and are removed at the early 

stages of hydrogen activation. This behavior is fully consistent with the expected instability 

of peroxo upon hydrogen activation, which promotes O–O bond cleavage and oxygen 

removal as H2O. 

As reduction proceeds, the IR spectra reveal the transient formation of new 

hydrogen-containing surface species. A and weak envelope of contributions in the ~2000-

1850 cm-1 region appears (Figure 4.8 a,b), which is characteristic of an ensemble of ν(Ru–

H) stretching vibrations.16–18 These bands reach a maximum intensity at approximately 135 

°C and then disappear upon further heating (Figure 4.8 c,d), indicating the formation of Ru–

hydride species as short-lived intermediates during the reduction of the RuO2-x phase. 

Importantly, the disappearance of these bands does not necessarily imply a decrease in 

the total amount of hydrogen adsorbed on the surface of Ru nanoparticles. The IR response 

selectively probes IR-active Ru–H species, which are predominantly linear (atop) hydrides, 

whereas at increasing temperature hydrogen atoms are expected to preferentially occupy 

multi-coordinated (bridged or hollow) and/or subsurface sites that are significantly less IR-

visible or effectively IR-silent. The attenuation of the ν(Ru–H) band is therefore more 

appropriately interpreted as a redistribution of hydrogen among different adsorption 

geometries rather than as the loss of hydride species altogether. 

During the hydrogen reduction ramp, the IR spectra also display an unconventional 

evolution of the absorption background (Figure 4.8 a). With increasing temperature, a 

gradual increase of the baseline would normally be expected due to enhanced thermal 

scattering, as observed during the dehydration step. In contrast, under H2 the baseline 

decreases up to ~135 °C before rising again at higher temperature. This opposite trend 

cannot be attributed to purely thermal effects and is instead interpreted as the 

disappearance of a low-energy electronic contribution associated with the defective RuO2-

x phase. Such a contribution, arising from electronic transitions or band-gap-related tails 

extending into the mid-IR region, is progressively suppressed as the oxide phase is reduced 

and its electronic structure collapses toward a metallic state. Indeed, semiconductor 

properties of the RuO2 phase have been proposed for some crystal phases19,20 and 

generally RuO2 is well employed to produce electrodes being a conductive oxide.21–25  

The hydrogen-induced reduction pathway is consistently captured by O K-edge 

NEXAFS (Figure 4.8 e,f). The progressive disappearance of Ru–O-related features (Figure 
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4.8 f), together with the appearance and subsequent decline of sharp resonances 

associated with gas-phase H2O (Figure 4.8 e), provides direct evidence for oxygen removal 

via water formation. At the end of the reduction ramp, no residual oxidic signatures are 

detected, indicating that the reduction proceeds efficiently and essentially to completion. 

This behavior is likely facilitated by the high dispersion of Ru species on the alumina surface 

and by oxygen vacancies generated during the preceding dehydration step, which lower the 

kinetic barriers for hydrogen-induced oxygen removal.  

4.3.3 Anchoring of Ru nanoparticles, hydride formation and hydrogen 
spillover: direct evidence from INS 

The reduced Ru/Al2O3 catalyst was subsequently investigated by INS, a technique uniquely 

sensitive to hydrogen-containing species and free from the selection-rule limitations 

affecting IR spectroscopy. INS therefore provides direct access to hydrogen populations 

that are invisible or only indirectly inferred by vibrational spectroscopies, making it ideally 

suited to validate the conclusions drawn from the combined IR and NEXAFS analysis 

discussed above. In particular, it is complementary to IR because it accesses low 

wavenumbers region where bridged/hollow hydrides contribute. 

 
Figure 4.9 (a) INS spectra of RuAl after H2-reduction, compared to that of the bare alumina support 

treated under identical conditions, and (c) result of the subtraction of Al2O3 from RuAl . (b) INS 

spectra of reduced RuAl before and after dosing H2 (~400 mbar) and (d) result of the subtraction of 

RuAl from RuAl + H2.  
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Figure 4.9 a compares the INS spectrum of the reduced Ru/Al2O3 catalyst with that 

of the bare Al2O3 support activated under identical conditions. The spectra are very similar, 

reflecting the dominant contribution of the alumina lattice.26,27 However, significant 

differences emerge in the spectral region associated with surface hydroxyl groups. To 

isolate these effects, a difference spectrum RuAl- Al2O3 was calculated (Figure 4.9 c), 

revealing a dominating negative contribution with minima around 814 cm-1 and 883 cm-1, 

along with positive sharp and weak bands centered around 754 cm-1 and 980 cm-1. The 

negative features correspond to bending modes of surface OH groups on alumina, 

indicating that the presence of the Ru nanoparticles leads to a measurable depletion of 

surface hydroxyls on the support. This can be interpreted as evidence of chemical 

anchoring of RuO2-x species, and subsequently reduced Ru nanoparticles, onto the alumina 

surface via condensation reactions involving surface hydroxyls, in line with the loss of 

μ1(OH) species inferred from O K-edge NEXAFS during dehydration. The positive 

contributions observed, on the other hand, indicate the formation of other localized surface 

OH groups having similar vibration energies. This is compatible with O K-edge NEXAFS 

observations supporting the presence of μ1(OH) and μ2(OH) in the pristine catalyst. 

To further probe hydrogen-related species, the experiment was continued by dosing 

excess H2 at room temperature and subsequently cooling the system to 20 K to kill Debie-

Waller factor and stabilize hydrogen on the surface. Figure 4.9 b compares INS spectra 

collected under vacuumed and after H2 dosing. After subtraction of the spectrum of the 

reduced catalyst from that recorded in the presence of H2 (Figure 4.9 d), a broad feature 

centered around 518 cm-1 becomes evident. This band is assigned to vibrational modes of 

multi-coordinated Ru–H species, such as bridged and/or hollow hydrides, rather than to 

terminal Ru–H groups. Both experimental INS studies and density functional theory 

calculations on Ru clusters and nanoparticles have shown that hydrogen occupying multi-

coordinated or subsurface sites gives rise to intense low-frequency modes in the 400–600 

cm⁻¹ range, while being weakly IR-active or effectively IR-silent.28–33 The observation of the 

~500 cm⁻¹ INS feature therefore provides direct evidence for hydrogen populations that 

persist on the Ru surface even when IR signatures of ν(Ru–H) vanish, consistent with a 

redistribution of hydrogen toward more stable, multi-coordinated adsorption sites at 

increasing temperature.  

Remarkably, the difference INS spectrum also shows a partial recovery of the OH-

related features around 815 cm-1 and 887 cm-1 upon H2 exposure. The simultaneous 

appearances of Ru–H vibrational modes and regeneration of alumina OH groups constitute 
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direct and unambiguous evidence of hydrogen spillover, whereby hydrogen atoms 

activated on Ru migrate onto the support and recombine with surface oxygen to form 

hydroxyl species. Such a process, frequently invoked in heterogeneous catalysis but rarely 

observed directly, is here captured thanks to the intrinsic hydrogen sensitivity of INS. 

Taken together, the INS results provide a unifying picture that extends the IR and 

NEXAFS observations. They demonstrate that (i) hydrogen is stored on Ru nanoparticles in 

forms that are largely inaccessible to IR spectroscopy, (ii) surface hydroxyls at the Ru–Al₂O₃ 

interface actively participate in hydrogen exchange, and (iii) hydrogen spillover is operative 

under the investigated conditions. This dynamic interplay between Ru nanoparticles and 

the alumina support is expected to play a key role in hydrogenation catalysis, by extending 

the reactive hydrogen reservoir beyond the metal surface and enabling synergistic reaction 

pathways involving both metal and support sites. 

4.4 Catalytic tests: identifying the active catalytic species in the 
hydrogenation of benzaldehyde  

The surface-sensitive spectroscopic results discussed above reveal that the activation of 

RuAl is not a simple reduction process, but involves a sequence of coupled surface 

phenomena, including dehydration-induced restructuring of the oxidized Ru phase, 

transient hydride formation, and hydrogen spillover at the metal–support interface. These 

processes define the chemical nature and availability of hydrogen at the catalyst surface 

and, therefore, are expected to have direct consequences for hydrogenation reactivity. 

Importantly, the spectroscopic evidence indicates that different surface states, ranging 

from hydrated and partially reduced RuO2-x species to fully metallic Ru nanoparticles, can 

coexist or emerge sequentially depending on temperature and atmosphere. This raises a 

critical question that cannot be addressed by structural and spectroscopic analysis alone: 

which of these states is actually responsible for catalytic hydrogenation activity, and under 

which conditions? 

To answer this question, the structural and surface evolution framework developed 

in Sections 4.2 and 4.3 was tested against catalytic performance data. In the following 

section, the hydrogenation of benzaldehyde is employed as a probe reaction to assess the 

relative activity of unsupported and alumina-supported Ru catalysts under mild conditions, 

allowing the contribution of oxidic, partially reduced and metallic Ru states to be directly 

compared. The hydrogenation of benzaldehyde in tetrahydrofuran (THF) under 10 bar of H2 

for 3 h was studied at four different temperatures: 50, 75, 100, and 125 °C. THF was 
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intentionally selected as an aprotic, chemically inert solvent to avoid hydrogen transfer 

mechanisms, such as the Meerwein–Ponndorf–Verley (MPV) reaction, which might obscure 

the intrinsic catalytic contributions of the Ru phases, particularly in RuAl catalyst where 

Al₂O₃ can promote catalytic transfer hydrogenation (CTH) reactions.34,35 Both catalysts 

were introduced in their pristine, oxidized forms without pre-reduction. The selected 

reaction time allowed for gradual in situ activation, offering a window into the evolution of 

catalytic performance as a function of temperature.  

 

Figure 4.10 Reaction pathways in the hydrogenation and hydrogenolysis of benzaldehyde. 

Under all experimental conditions and with both catalysts, no side products were 

detected. This level of selectivity, achieved despite the known propensity of benzaldehyde 

to undergo competing pathways such as hydrogenolysis and aromatic saturation (Figure 

4.10),36 is particularly noteworthy and ensures that the observed reactivity is exclusively 

associated with the hydrogenation of the carbonyl group. This allows for a direct and 

meaningful comparison of the intrinsic catalytic activity of the two catalysts toward the 

selective transformation of the C=O bond in benzaldehyde. 

The catalytic behavior of Ruuns and RuAl is significantly different, particularly at 

lower temperatures (Figure 4.11). RuAl exhibits a low activity at 50 °C, and even at 75 °C, 

the observed conversion remains modest (31%). This behavior can be attributed to the 

higher reduction threshold of the supported rutile-like RuO2 nanoparticles evidenced by H₂-

TPR. The emergence of significant activity only above 100 °C, culminating in 72% 

conversion at 150 °C, mirrors the progressive in situ formation of metallic Ru, the known 

active phase under such conditions. 
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Figure 4.11 Effect of the reaction temperature in the hydrogenation of benzaldehyde over Ruuns and 

RuAl catalysts. 

In marked contrast, the catalytic performance of unsupported Ruuns displays a non-

monotonic dependence on temperature. Surprisingly, it achieves a peak conversion of 65% 

at only 50 °C, despite the minimal extent of reduction at this temperature. XAS and PDF 

data revealed that the starting material is an amorphous, highly hydrated RuOₓ(OH)ᵧ 

network comprising edge-sharing [RuO6] octahedra. This disordered architecture appears 

to unlock reactivity inaccessible to the more crystalline RuO2 analogue supported on 

alumina. These findings are consistent with previous surface studies showing that 

molecular H2 can dissociate heterolytically on RuO₂(110) at low temperatures, forming 

reactive hydride–hydroxyl pairs through cooperative interactions between fivefold-

coordinated Ru sites and bridging oxygen atoms.37,38 RuO2 is also known to be able to 

incorporate hydrogen in the bulk. Hydrous RuO2·xH2O is commonly used in the context of 

supercapacitors, where its superior performance is attributed to intercalation of hydrogen 

(in the form of protons) and one-dimensional diffusion along the RuO6 chains. Accordingly, 

a hydrogenated RuO2 phase (e.g., HₓRuO2) was successfully employed for selective 

hydrogenation reactions in the absence of metallic Ru.39 Together, these results support 

the conclusion that the amorphous and partially hydrated RuOx(OH)y phase characterizing 

Ruuns is not merely a precursor, but an intrinsically active catalyst, capable of activating H₂ 

and enabling carbonyl hydrogenation under thermodynamically mild conditions.  
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Upon increasing the reaction temperature, the activity of RuO₂ declines to 60% at 

75 °C and further to 52% at 100 °C. In situ characterization reveals this regime coincides 

with the formation of a Ru2O3-like intermediate, which disrupts the original amorphous 

motif. This phase, although structurally defined, is less catalytically active. Interestingly, 

catalytic activity is recovered above 125 °C, which is likely related to the formation of 

metallic Ru nanoparticles. Yet, the maximum activity in this fully reduced state remains 

lower than that of the pristine oxidic phase at 50 °C and of RuAl at equivalent temperatures. 

Structural data reveal that sintering and particle coalescence dominate in Ruuns at high 

temperature, reducing the active surface area and undermining its effectiveness. 

To further clarify the role of the active species, additional catalytic tests were 

performed on both catalysts after pre-reduction in H₂ at 150 °C. At 150 °C, both pre-reduced 

catalysts exhibit catalytic activities comparable to their pristine counterparts (Error! 

Reference source not found.), which undergo in situ reduction under these conditions. 

However, as the reaction temperature decreases, distinct differences emerge. Pre-

reduced RuAl catalyst exhibits a linear decrease in activity with decreasing temperature, 

consistently outperforming the unreduced RuAl. This behavior indicates that metallic Ru is 

the active phase and that pre-reduction enhances its performances, particularly at low 

reaction temperatures. Similarly, the activity of the pre-reduced Ruuns also decreases 

linearly with the temperature, but remains lower than that of RuAl, likely due to the absence 

of a stabilizing support for metallic Ru species. A particularly striking result is obtained at 

50 °C, where the pre-reduced Ruuns catalyst shows markedly low activity, with a conversion 

of only 14%, in sharp contrast to 65% conversion achieved by the unreduced Ruuns under 

identical conditions. This pronounced difference clearly demonstrates that in Ruuns the 

active species at low-temperature are not metallic Ru⁰ sites, but rather oxidized RuOₓ(OH)ᵧ 

species present in the pristine material. This conclusion is further supported by XRD 

analysis of Ruuns recovered after reaction at 50 °C (Figure A 9), confirming that the 

amorphous structure remains largely intact, thereby indicating that no significant in situ 

reduction occurred under these conditions.  

To assess the practical viability of this unconventional oxidic phase, five 

consecutive reaction cycles were performed at 50 °C (Figure A 10). Ruuns retained 

approximately 70% of its initial activity (conversion decreased from 65% to 46%). This 

moderate decline may be attributed to partial surface poisoning by adsorbed species. 

Moreover, the unchanged phase composition  obtained by XRD analysis of Ruuns recovered 

after catalytic testing at 50 °C (Figure A 9) also supports the notion that the hydrated 
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RuOx(OH)y network is not only catalytically active but also structurally stable under liquid-

phase reaction conditions at low temperature. 

Altogether, these catalytic insights highlight a paradigm shift: catalytic efficiency is 

not exclusively governed by the presence of metallic Ru, but also by the nature, hydration 

and disorder of oxidic precursors. Understanding and exploiting these unconventional 

reactivity patterns opens a new frontier for the design of advanced Ru-based catalysts 

operating under mild conditions. 

4.5 Conclusions 
This chapter provided a multiscale mechanistic description of the activation of DP-derived 

Ru catalysts, integrating bulk-sensitive techniques and surface-sensitive spectroscopies 

with catalytic testing. By combining H2-TPR with in situ synchrotron techniques (Ru K-edge 

XAS, high-energy total scattering PDF and XRD), the reduction of both Ruuns and RuAl was 

shown to proceed through a non-trivial pathway involving a transient Ru(III)-containing 

intermediate. Multivariate analysis of the XAS and XRD datasets demonstrated that this 

intermediate is a genuine bulk phase, whose formation and consumption account for the 

multiple reduction events observed in TPR thermograms. Structural fingerprints extracted 

from EXAFS and PDF revealed a characteristic short Ru–Ru distance (~2.6 Å) and lattice 

expansion effects consistent with oxygen-vacancy formation, supporting the assignment 

of a corundum-like Ru2O3 intermediate. Differences between Ruuns and RuAl highlight the 

role of structural heterogeneity and metal–support interactions in stabilizing or masking 

this intermediate within specific domains, such as defects, amorphous regions, exposed 

surfaces and interfaces. 

Focusing on RuAl, surface-sensitive in situ IR spectroscopy, O K-edge NEXAFS and 

INS revealed that activation is governed by a sequence of coupled surface processes. 

Thermal dehydration under inert atmosphere was shown to be an active restructuring step 

rather than a passive removal of water, promoting hydroxyl condensation, rearrangement 

of peroxo-like Ru–O–O species, partial surface reduction and the stabilization of a defective 

RuO2-x phase. Upon exposure to hydrogen, oxygenated surface species are rapidly 

consumed through water formation, while transient Ru–hydride species are generated 

during the reduction process. IR spectroscopy selectively detected terminal Ru–H species, 

whereas INS provided direct evidence for hydrogen populations in multi-coordinated and 

subsurface configurations that remain largely inaccessible to IR probes. Crucially, INS 

measurements also delivered direct spectroscopic proof of hydrogen spillover at the Ru–
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alumina interface, demonstrating dynamic hydrogen exchange between Ru nanoparticles 

and alumina surface hydroxyls. 

Catalytic tests in the selective hydrogenation of benzaldehyde validated the 

mechanistic framework established by the combined bulk and surface investigations. The 

marked differences observed between Ruuns and RuAl demonstrate that catalytic activity 

cannot be interpreted solely in terms of the presence of metallic Ru. The amorphous and 

partially hydrated RuOx(OH)y phase characterizing Ruuns exhibits significant activity under 

mild conditions, indicating that oxidic and partially reduced Ru states can directly 

participate in hydrogen activation and transfer. In contrast, RuAl requires higher 

temperatures to achieve substantial activity, consistent with the progressive formation of 

metallic Ru sites stabilized by the support. These results challenge the conventional 

assumption that fully reduced metallic Ru is the exclusive active phase in Ru-based 

hydrogenation catalysis and highlight the functional relevance of precursor structure, 

hydration and disorder. 

Overall, this chapter establishes a coherent picture in which bulk reduction through a 

transient Ru(III) intermediate, surface oxygen restructuring, hydride formation and 

hydrogen spillover are intimately coupled processes governing hydrogen activation on DP-

derived Ru catalysts. By explicitly linking structural evolution across length scales to 

catalytic performance, the results lay the mechanistic foundation for the final chapter, 

where the roles of drying, ageing and water content are discussed as key variables 

controlling the stability, reproducibility and performance of Ru catalysts prepared by 

deposition–precipitation. 
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Chapter 5 

5 Drying, ageing and reducibility of Ru catalysts 
obtained via deposition-precipitation: the hidden role 
of water 
5.1 Chapter overview and scope 
In this chapter I will present the outcome of the systematic investigation of reducibility and 

accessibility of the oxy-hydroxide Ru phase obtained by deposition-precipitation. The 

results discussed in the previous chapters consistently point to water as a key, yet often 

implicit, variable in governing the structure and surface chemistry of supported Ru 

catalysts prepared by deposition–precipitation. While bulk and surface-sensitive 

spectroscopies revealed how hydration influences local coordination, reduction pathways 

and hydrogen activation, the specific role of water as a controllable synthetic and post-

synthetic parameter has not yet been addressed explicitly. This chapter therefore focuses 

on water as an active structural component of the Ru oxy-hydroxide phase, rather than as 

residual moisture or an experimental artefact, to answer a key question that the previous 

chapters have outlined but never addressed directly: what is the role of water in the 

determination of structure, reducibility and stability of Ru-based catalysts synthesized by 

deposition-precipitation?  

Investigating the effect of hydration in a controlled and reproducible manner 

required a dedicated experimental strategy, with particular attention to post-synthesis 

handling, storage and drying history of the catalysts. In contrast to the activation studies 

discussed previously, such long-term and systematic investigations are inherently 

incompatible with synchrotron-based techniques, which operate within limited 

experimental time windows. As a result, the present study deliberately relies on laboratory-

scale techniques, namely H2-TPR and CO pulsed chemisorption, which allow for extended, 

statistically robust investigations over multiple samples and conditions. This constraint 

was turned into an opportunity to establish a simple and transferable methodology, directly 

applicable to both academic studies and industrial catalyst development. 
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5.2 Effects of post-synthesis dehydration on reducibility and 
accessibility of Ru sites 

To decouple support effects from hydration effects, the influence of the temperature 

employed during the overnight post-synthesis drying step was systematically investigated. 

Aliquots of RuAl, RuCw and RuCch were stored in the wet state after synthesis and dried 

immediately prior to characterization at controlled temperatures, yielding RuAl(w), 

RuCw(w) and RuCch(w). The evolution of reducibility and Ru site accessibility as a function 

of drying temperature was then quantified by H2-TPR and CO chemisorption, providing a 

direct link between controlled dehydration, redox behavior and accessible surface Ru sites. 

The main quantitative parameters extracted from these experiments for all catalysts dried 

at different temperatures are summarized in Table 5. 1. 

Figure 5.1 shows the evolution of the H2-TPR profiles of RuAl as a function of drying 

temperature (part a), together with the corresponding fitting results (part b) and dispersion 

values obtained by CO chemisorption (part c). Drying below 90 °C yields thermograms 

dominated by a single broad reduction feature centered around 90 °C, whereas drying at 

and above 90 °C leads to the appearance of additional reduction contributions at higher 

temperature and to an overall shift of the profiles toward lower reducibility (higher 

temperature). To rationalize these changes, the H2-TPR profiles of RuAl were fitted using 

three or four components, depending on the drying temperature (Figure 5.1a), as explained 

in Chapter 2. At low drying temperatures (< 90 °C), the reduction behavior is dominated by 

two contributions, peaks II and III. Peak III, which accounts for the largest fraction of H2 

consumption, is associated with reduction of hydrated RuOx(OH)y agglomerates, 

characterized by a highly disordered and water-rich Ru–O–OH network in which the intrinsic 

Ru(IV) → Ru(III) → Ru(0) redox steps are kinetically overlapped. Peak II, present over the entire 

drying temperature range, is attributed to very small, highly defective Ru oxy-hydroxide 

nanoparticles that remain dispersed and do not participate in the formation of hydrated 

agglomerates. Owing to their limited structural extension, these nanoparticles undergo 

reduction through concerted redox processes in which intermediate Ru(III) species do not 

accumulate, resulting in a single unresolved contribution. 
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Table 5. 1 Reduction onset temperature (Tstart), temperature of the main reduction maxima (Tmax), 
H2(ratio), defined as the experimental H₂ consumption determined from H2-TPR measurements 
normalized to the theoretical value expected for complete reduction of RuO2, and apparent Ru 
dispersion values obtained from pulsed CO chemisorption measurements, calculated assuming a 
CO/Ru adsorption stoichiometry of 1. All data refer to catalysts from the second aliquot, stored in 
the wet state after synthesis and dried overnight at the indicated temperatures (Tdry=70–120 °C) 
immediately prior to characterization. 

Sample Tdry (°C) H2-TPR D (%) 

Tstart (°C) Tmax (°C) H2(ratio) 

RuAl(w) 

70 52 73 | 91 1.39 59 

80 50 76 | 97 1.42 57 

90 58 80 | 119 1.20 31 

100 56 79 | 124 1.14 33 

110 55 85 | 129 1.12 31 

120 62 85 | 132 1.10 29 

RuCw(w) 

70 43 83 1.28 83 

80 44 89 1.40 85 

90 51 88 1.30 82 

100 49 94 1.30 90 

110 53 94 1.36 95 

120 49 107 1.45 94 

RuCCh(w) 

70 54 81 | 90 1.10 57 

80 55 79 | 88 1.08 58 

90 54 81 | 90 1.16 58 

100 54 78 | 90 1.09 63 

110 57 82 | 91 1.13 67 

120 54 79 | 90 1.08 67 
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Figure 5.1 (a) H2-TPR thermograms of RuAl(w) dried overnight at different temperatures in the 70-120 

°C range: experimental data (open symbols), cumulative fit curve (solid line), and individual 

contributions used for the fits. (b) H2 consumption values obtained from the integrated areas of the 

fitted H2-TPR contributions, and (c) apparent Ru dispersion values from pulsed CO chemisorption, 

shown as a function of the drying temperature. In panels (b) and (c), the lines connecting the data 

points are guides to the eye. 

Upon drying at 90 °C and above, the contribution of peak III progressively decreases 

and is replaced by two distinct components, peaks I and IV. Importantly, peaks I and IV 

originate from reduction of the same agglomerated Ru oxy-hydroxide domains responsible 

for peak III after partial dehydration. This dehydration is accompanied by partial structural 

reorganization of these agglomerates into more ordered RuO2-like domains, consistent 

with the emergence of terminal μ1(O) species observed by NEXAFS,1,2 allowing the intrinsic 

Ru(IV) → Ru(III) and Ru(III) → Ru(0) redox steps to become kinetically separable and 

experimentally resolvable, consistent with what discussed so far on RuAl in previous 

chapters. 



95 
 

The redistribution of H2 consumption among the fitted contributions is 

accompanied by a progressive decrease in total H2 overconsumption with increasing drying 

temperature (Figure 5.1b). The H2 consumption ratio decreases from approximately 40% 

overestimation at 70–80 °C to ~20% at 90 °C and ~10% at 120 °C (Table 5. 1), indicating a 

reduction in the population of non-stoichiometric oxygen species, such as peroxo-like Ru–

OO moieties, and of highly defective, hydrated Ru sites. CO chemisorption measurements 

(Figure 5.1c) reveal a parallel decrease in apparent Ru dispersion with increasing drying 

temperature, from nearly D ≈ 60% at low drying temperatures to ~30% at 120 °C. Although 

absolute dispersion values are affected by the formation of multi-carbonyl species and 

should not be interpreted as direct measures of particle size (see Chapter 1.2.3),3–9 the 

relative trend indicates a loss of accessible low-coordination Ru sites upon dehydration 

and partial structural consolidation of the Ru oxy-hydroxide phase. The short activation 

step used prior to CO chemisorption (120 °C, 5 min) preserves the structural features 

established during overnight drying, enabling meaningful comparison across samples. 

Overall, controlled dehydration enables the transformation of a fraction of the 

hydrated Ru oxy-hydroxide matrix into RuO2-like domains, rendering the intrinsic two-step 

redox pathway experimentally resolvable. Consequently, as water is removed, reduction 

evolves from a single broad event associated with hydrated agglomerates to two kinetically 

resolved redox steps within the same domains, while the contribution of small, highly 

defective Ru oxy-hydroxide nanoparticles remains essentially unchanged. 

The effect of drying temperature was also investigated for the carbon-supported 

catalysts RuCw(w) and RuCch(w), as shown in Figure 5.2. In both cases, increasing the 

drying temperature does not induce major qualitative changes in the H2-TPR profiles (Figure 

5.2a,c), which remain dominated by broad and poorly resolved reduction features. Only a 

gradual broadening of the reduction event toward higher temperatures is observed, 

indicating a progressive decrease in reducibility without a clear kinetic separation of redox 

steps. This behavior contrasts with that observed for RuAl(w) (Figure 5.1a) and reflects the 

distinct nature of the Ru oxy-hydroxide phase stabilized on active carbon supports. As 

discussed in Chapter 3, the oxidized Ru phase on carbon supports is characterized by a 

predominantly hydroxylated local oxygen environment and by the presence of peroxo-like 

species, indicating a highly hydrated and structurally disordered surface. In addition, 

activated carbons exhibit a complex porous network dominated by interconnected 

mesoporous domains and pore constrictions, which can efficiently retain water through 

capillary condensation.10–13 As a result, even after drying, a significant fraction of the Ru oxy-
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hydroxide phase remains hydrated, preventing a clear kinetic separation of the intrinsic 

Ru(IV) → Ru(III) → Ru(0) redox steps and leading to largely overlapped reduction events in H2-

TPR. Importantly, water retention in these systems is not solely associated with the active 

carbon support. The Ru oxy-hydroxide phase itself is intrinsically hydrophilic,14 owing to the 

high density of polar Ru–OH groups and non-stoichiometric oxygen species evidenced by 

O K-edge NEXAFS. These polar surface motifs can strongly bind and stabilize water 

molecules at the Ru interface, reinforcing the hydrated character of the Ru phase even 

when partial dehydration of the carbon support is achieved. Consequently, post-synthesis 

drying affects primarily the degree of hydration and the reduction kinetics of Ru oxy-

hydroxide domains, rather than inducing major structural transformations.  

 

Figure 5.2 (a-c) H2-TPR thermograms and (b-d) apparent Ru dispersion values obtained by pulsed CO 

chemisorption for RuCw(w) and RuCch(w) dried overnight at different temperatures in the 70-120 °C 

range, illustrating the effect of post-synthesis drying on reducibility and site accessibility. In panels 

(b) and (d), the lines connecting the data points are spline guides to the eye. 

In contrast to the limited sensitivity of the TPR profiles to drying temperature, CO 

chemisorption reveals a pronounced increase in apparent Ru dispersion with increasing 

drying temperature for both RuCw(w) and RuCch(w) (Figure 5.2b,d). This trend, opposite to 
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that observed for RuAl(w), cannot be ascribed to an actual increase in metal dispersion. 

Instead, it reflects changes in site accessibility associated with water removal from the 

porous carbon network and from the Ru oxy-hydroxide surface. At low drying temperatures, 

a fraction of Ru sites is effectively shielded from gas-phase probes by water retained within 

mesoporous domains and pore constrictions. Drying at temperatures above ~100 °C 

progressively removes this water, restoring access of CO to small and highly defective Ru 

sites and leading to an apparent increase in dispersion.  

Notably, the increase in apparent dispersion is slightly more pronounced for 

RuCw(w) than for RuCch(w). This behavior is consistent with the higher density of oxygen-

containing functional groups and the higher hydrophilicity of chemically activated 

carbons,10–12 which enhance water uptake and retention within the porous network. 

Absolute dispersion values remain affected by the formation of multi-carbonyl species on 

Ru and should be interpreted with caution; nevertheless, the consistent trends observed 

for both carbon-supported catalysts robustly capture the dominant role of water in 

governing Ru site accessibility. 

5.3 Catalysts stability in time: ageing monitored by H2-TPR and 
CO chemisorption 

The stability after drying procedure at 90°C of Ru catalysts prepared by deposition–

precipitation was investigated by monitoring the evolution of reducibility and site 

accessibility of RuAl upon ageing under ambient conditions. Considering the results 

discussed in the previous paragraph, ageing can be regarded as a slow and uncontrolled 

dehydration process, which drives the Ru oxy-hydroxide phase along the same 

transformation pathway observed under controlled post-synthesis drying. 

The reducibility and apparent dispersion of RuAl were monitored over a period of 32 

weeks (Figure 5.3). With increasing ageing time, the H2-TPR profiles progressively shifted 

towards higher temperatures by approximately 10 °C and became broader, indicating a 

gradual decrease in reducibility. In contrast, the total H2 consumption remained essentially 

unchanged, ruling out the formation of more highly oxidized Ru species and indicating that 

the overall redox stoichiometry of the Ru phase is preserved. The apparent Ru dispersion 

decreases markedly upon ageing, from an initial value of D ≈ 33% to approximately 20%, 

corresponding to a loss of about 40% of CO-accessible Ru sites. At this point it is worth 

noting that, after ageing the new batch synthesized, the dispersion measured is compatible 

with the value presented in Chapter 1, which was in fact measured weeks after synthesis. 
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This loss does not reflect the disappearance of Ru species, but rather a decrease in site 

accessibility associated with slow dehydration and structural consolidation of the Ru oxy-

hydroxide phase. As discussed for controlled drying, ageing primarily affects hydrated 

RuOx(OH)y agglomerates. The progressive water loss promotes partial structural 

reorganization of these agglomerates into more ordered RuO2-like domains, consistent 

with the emergence of kinetically resolved redox steps and with the μ1(O) signatures 

observed by NEXAFS. 

Notably, the persistence of H2 overconsumption upon ageing indicates that a 

significant fraction of non-stoichiometric oxygen species, such as peroxo-like Ru–O–O 

moieties, remains stabilized at the Ru surface even after prolonged storage. This 

observation is consistent with the intrinsically hydrophilic character of the Ru oxy-

hydroxide phase, which contains a high density of polar Ru–OH and non-stoichiometric 

oxygen species capable of retaining water at the Ru interface.14,15 Ageing therefore 

proceeds as a gradual, rather than abrupt, dehydration process. 

 
Figure 5.3 (a) Evolution of the H2-TPR thermograms of RuAl as a function of time after synthesis, 

illustrating ageing-induced changes in reducibility. (b) Corresponding evolution of the apparent Ru 

dispersion values obtained by CO chemisorption, highlighting the progressive loss of CO-accessible 

Ru sites upon ageing under ambient conditions. In panel (b) the line connecting the data points is a 

spline guide to the eye. 

Ageing effects were also evaluated for RuCw and RuCch after 40 weeks of storage 

(Figure A11). In agreement with the behavior observed under controlled drying, the 

reducibility of RuCw remains largely unchanged upon ageing, with only minor sharpening 
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of the H2-TPR profile, indicating a slight increase in the homogeneity of the Ru phase. In 

contrast, the H2-TPR profile of RuCch shifts toward higher temperatures and becomes 

broader with ageing, resembling the trend observed for RuAl, albeit to a lesser extent. These 

differences can be rationalized by considering both the chemical affinity for water and the 

porous architecture of carbon supports. Chemically activated carbons such as Cch exhibit 

a higher density of oxygen-containing functional groups,10–12 which increases the intrinsic 

hydrophilicity of both the support and the associated Ru oxy-hydroxide phase, leading to 

higher initial water uptake. At the same time, Cch contains a larger fraction of 

interconnected mesoporous domains,10–13 which facilitate water transport and desorption 

during drying and storage. As a result, although more water is initially retained, gradual 

dehydration proceeds more rapidly, giving rise to a more pronounced ageing-induced 

evolution of reducibility and site accessibility. In contrast, physically activated carbons 

such as Cw contain fewer oxygen-containing functional groups and are less hydrophilic, 

but feature a higher fraction of narrow pores and pore constrictions.10–13 These geometrical 

constraints can hinder water desorption and promote kinetic trapping of residual water 

within the pore network and at the Ru interface, resulting in a more persistent hydration of 

the Ru oxy-hydroxide phase and a slower ageing process. 

Consistent with this interpretation, ageing leads to a decrease in apparent Ru 

dispersion for both carbon-supported catalysts, from D ≈ 84% to 70% for RuCw and from D 

≈ 66% to 48% for RuCch. The larger loss observed for RuCch reflects its higher 

hydrophilicity and faster dehydration-driven structural consolidation, whereas the more 

modest change for RuCw indicates greater resistance to dehydration-induced ageing.  

Notably, ageing effects are mitigated, but not fully suppressed, when catalysts are 

stored in the wet state and dried only immediately prior to characterization. This 

observation confirms that the Ru oxy-hydroxide phase obtained by deposition–

precipitation is intrinsically metastable with respect to hydration and undergoes slow but 

measurable evolution over time, regardless of support nature and storage protocol. 

Overall, ageing mirrors the effects of post-synthesis dehydration and highlights that 

the properties of DP-derived Ru catalysts are not static but evolve continuously as a 

function of water content. Changes in reducibility and accessible Ru sites arise from 

gradual dehydration and kinetic reorganization of hydrated Ru oxy-hydroxide domains, with 

partial RuO2-like ordering occurring only on alumina-supported systems. These results 

emphasize that drying and storage history must be regarded as integral parameters of 
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catalyst preparation and handling, particularly for liquid-phase hydrogenation applications 

where highly dispersed and partially hydrated Ru phases are often desirable. 

5.4 Conclusions 
In this paragraph, a lab scale systematic approach has been employed to elucidate how 

support chemistry and hydration jointly govern the structure, reducibility and stability of Ru 

catalysts prepared by deposition–precipitation (DP). By combining H2-TPR and CO 

chemisorption, two techniques routinely employed in industrial catalyst development it 

was demonstrated that the RuOx(OH)y phase formed by deposition-precipitation is 

intrinsically heterogeneous and metastable with respect to hydration, and that its evolution 

cannot be rationalized without explicitly considering the role of water. 

Controlled post-synthesis drying and ageing of the RuOx(OH)y phase are driven 

along the same transformation pathway, namely gradual dehydration and kinetic 

reorganization of Ru oxy-hydroxide domains. On alumina, drying temperatures below 90 °C 

preserves a predominantly hydrated Ru oxy-hydroxide phase, and the reduction proceeds 

through a single broad event. Only upon drying at temperatures ≥ 90 °C does partial 

dehydration promote the transformation of a fraction of hydrated agglomerates into RuO2-

like domains, at the expense of the amorphous oxy-hydroxide phase. This structural 

reorganization renders the intrinsic two-step redox pathway kinetically resolvable and is 

accompanied by a decrease in reducibility and CO-accessible low-coordination Ru sites. 

For carbon-supported catalysts, drying and ageing primarily affect site accessibility rather 

than intrinsic reduction kinetics, as high dispersion and a predominantly hydroxylated Ru 

environment suppress aggregation and prevent the formation of RuO2-like domains. 

Overall, our results demonstrate that in DP-derived Ru catalysts water is not merely 

residual moisture, but a transient structural component that controls both the nature of the 

oxidized Ru phase and its reduction kinetics. For liquid-phase hydrogenation applications, 

preserving a partially hydrated, highly dispersed Ru oxy-hydroxide phase is advantageous 

to maximize the density of low-coordination Ru sites, but only when aggregation into RuO2-

like domains is suppressed. Consequently, drying temperature, storage conditions and 

activation protocols must be treated as integral parameters of catalyst synthesis and 

handling to ensure reproducible performance. More broadly, this study highlights that the 

key trade-off of deposition–precipitation: while the method enables exceptionally high 

dispersion and defect-rich Ru phases, the intrinsic tendency of the Ru oxy-hydroxide phase 

to condense into RuO2-like domains upon dehydration must be controlled. Activated 
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carbon supports effectively suppress this condensation, whereas alumina and 

unsupported systems allow it. Managing this sensitivity is essential to fully exploit DP-

derived Ru catalysts in industrially relevant liquid-phase processes. 
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Chapter 6 

6 General conclusions and perspectives 
6.1 Context, scope and motivation 
This thesis work results from a long-lasting collaboration between the Department of 

Chemistry at the University of Torino and Chimet S.p.A., which has contributed to the 

advancement of precious metals-based heterogeneous catalysts over the past decades. 

Recently, this collaboration was further strengthened and contextualized within the 

framework of the European Next Generation EU program, marking the first PhD project 

jointly funded by European resources and Chimet S.p.A. The project also represented the 

first occasion in which a PhD candidate was hosted for a six-month internship within the 

company, enabling first-hand exposure to industrial catalyst production, scale-up 

constraints and development strategies. This industrial experience was complemented by 

a six-month research period at the Institute Laue Langevin in Grenoble, where most of the 

data analysis presented in this thesis was carried out. The combination of academic 

research, industrial immersion and access to large-scale facilities profoundly shaped both 

the scientific direction and the practical relevance of this work.  

While the collaboration had previously focused on Pd- and Pt-based catalysts 

prepared by deposition-precipitation, the growing interest in Ru-based systems motivated 

the extension of this approach to ruthenium. Because Ru catalysts rarely behave as simple 

analogues of Pd- and Pt-based systems, this transition required the development of new 

experimental strategies and interpretative tools, often relying on a more exploratory and 

open-minded approach.  

In this context, it became evident that many of the assumptions commonly applied 

to noble-metal catalysts could not be transferred directly to Ru-based systems, particularly 

with respect to the nature of the oxidized precursor and its activation under hydrogen. This 

realization provided the scientific motivation for the present thesis, which was designed to 

address fundamental questions on the structure, evolution and functional role of the Ru 

phase obtained by deposition–precipitation. 
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6.2 Nature of the oxidized Ru phase obtained by deposition–
precipitation 

At the core of these questions lies the oxidized Ru phase formed during synthesis, which 

represents the true starting point of catalyst activation and ultimately determines 

reducibility, dispersion and catalytic behavior. The primary objective of this thesis was to 

clarify the nature of the hydrated oxidized Ru phase obtained by deposition-precipitation 

under industrially relevant conditions, and to elucidate how this phase evolved during 

activation and reduction. To this end, a broad multi-technique approach was employed, 

combining laboratory-scale methods routinely used in industry with advanced 

synchrotron- and neutron-based techniques.  

Electron microscopy revealed that, irrespective of the synthesis route, Ru displays 

a strong tendency to form highly dispersed oxy-hydroxide phases, even in the absence of a 

support. Very small nanoparticles systematically coexist alongside larger hydrated 

agglomerates, whose abundance and morphology strongly depend on the surface 

chemistry of the support. Structural characterization by X-ray total scattering and X-ray 

absorption spectroscopy on selected reference systems (unsupported Ru-oxide and 

Ru/Al2O3), together with H2-TPR analysis, confirmed an average Ru(IV) stoichiometry and a 

rutile-like local coordination. However, the oxidized Ru phase cannot be described as a 

single, well-defined RuO2 compound. Instead, it spans a family of highly disordered RuO2-

like motifs to more crystalline domains, often coexisting within the same catalyst 

depending on support-related chemistry and hydration state.  

Surface-sensitive O K-edge NEXAFS provided clear evidence that support chemistry 

plays a decisive role in stabilizing different oxygen environments. Activated carbons favor 

highly defective and strongly hydrated Ru oxy-hydroxide nanoparticles, whereas alumina 

allows partial structural ordering. Across all systems, peroxo-like Ru-O-O species were 

identified at the surface of the oxidized phase, and their abundance was found to correlate 

with the systematic overconsumption of hydrogen observed during H2-TPR. This 

establishes a direct link between surface oxygen chemistry and macroscopic reducibility 

fingerprints. 

6.3 Bulk reduction pathway and surface activation mechanisms 
The complex, multi-feature H2-TPR thermograms characteristic of DP-derived Ru catalysts 

clearly indicated that reduction does not follow a simple or direct pathway. By coupling H2-



 

106 
 

TPR with in situ Ru K-edge XAS, high-energy total scattering/PDF and XRD, and by applying 

multivariate statistical analysis, this thesis demonstrates unambiguously that reduction 

proceeds through a transient Ru(III)-intermediate. Structural fingerprints extracted from 

EXAFS and PDF, including a characteristic short Ru–Ru distance (~2.6 Å) and lattice 

expansion effects associated with oxygen-vacancy formation, support the assignment of a 

corundum-like Ru2O3 intermediate phase. The existence of this intermediate explains the 

origin of multiple reduction events in TPR thermograms and resolves a long-standing 

ambiguity in the interpretation of Ru reducibility. 

Surface-sensitive in situ IR spectroscopy, O K-edge NEXAFS and INS revealed that 

bulk reduction is accompanied by a sequence of tightly coupled surface processes. 

Thermal dehydration was shown to be an active restructuring step rather than a passive 

removal of water, inducing hydroxyl condensation, rearrangement of peroxo species and 

partial surface reduction to a defective RuO2-x phase. Upon exposure to hydrogen, 

oxygenated surface species are rapidly and completely consumed through water 

formation, while hydrides are transiently stabilized on Ru surfaces. IR spectroscopy 

selectively detected terminal Ru–H species, while INS provided direct evidence of the 

formation of multi-coordinated and subsurface hydrides that are largely invisible to IR 

probes. Crucially, INS delivered direct spectroscopic evidence of hydrogen spillover at the 

Ru-Al2O3 interface, capturing a phenomenon that is often invoked but rarely observed 

experimentally and highlighting its relevance for hydrogen activation and transfer. 

6.4 Catalytic implications and validation of the mechanistic 
framework 

Catalytic tests in the selective hydrogenation of benzaldehyde served as a validation of the 

reduction mechanisms developed during characterization. Marked differences between 

unsupported Ru and alumina-supported Ru demonstrate that catalytic activity cannot be 

interpreted solely in terms of the presence of metallic Ru. The amorphous and partially 

hydrated RuOx(OH)y phase characteristic of unsupported Ru exhibited significant activity 

under mild conditions, indicating that oxidic and partially reduced Ru states can directly 

participate in hydrogen activation and transfer. In contrast, Ru/Al2O3 required higher 

temperatures to achieve substantial activity, consistent with the progressive formation of 

metallic Ru stabilized by the support. These results challenge the widespread empirical 

paradigm that fully reduced Ru is the exclusive active phase in Ru-based hydrogenation 

catalysis and highlight the functional relevance of precursor structure, hydration and 
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disorder in DP-derived systems. More broadly, they demonstrate the importance of linking 

complementary multi-technique characterization directly to catalytic performance to 

extract meaningful mechanistic insight from H2-TPR thermograms. 

6.5 Water as a structural variable: drying, ageing and 
methodological relevance 

 A central and unifying outcome of this thesis is the recognition of water as an active 

structural component of Ru catalysts prepared by deposition–precipitation. Rationalizing 

its role required a dedicated and time-consuming experimental strategy inherently 

incompatible with large-scale facilities. This constraint motivated the development of a 

simple, yet robust and transferable methodology based on H2-TPR and CO chemisorption, 

two techniques widely employed both in academic research and industrial catalyst 

development. 

Systematic investigations of controlled post-synthesis drying and ageing 

demonstrated that the observed transformations can be attributed to the same structural 

reorganization driven by gradual dehydration. Water regulates local coordination, 

reducibility, dispersion and Ru site accessibility, thereby controlling both catalyst stability 

and performance. These results highlight a fundamental trade-off intrinsic to deposition–

precipitation synthesis: while the method enables exceptionally high dispersion at high 

metal loadings, it also promotes the formation of highly hydrated oxidized Ru aggregates. 

Controlling water content is therefore essential to prevent uncontrolled condensation into 

RuO2-like domains during drying and ageing. In this context, the drying step should be 

regarded as a deliberate thermal treatment aimed at achieving the optimal hydration state, 

rather than as a simple solvent-removal operation, especially for industrially relevant 

liquid-phase processes.  

6.6 Perspectives 
The results presented in this thesis open several perspectives for future research, both in 

terms of fundamental characterization and methodological development, as well as in 

relation to industrially relevant catalytic processes. 

A first and particularly promising direction concerns the direct investigation of 

hydrogen-derived species under reaction conditions. This work demonstrated that 

hydrides on Ru nanoparticles can be detected spectroscopically and that hydrogen 
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spillover at the Ru–Al2O3 interface can be directly observed by inelastic neutron scattering. 

These findings provide a solid experimental basis to move beyond activation studies and to 

probe the nature, coordination and dynamics of Ru–H species during hydrogenation 

reactions. The experimental strategies and spectroscopic set-ups developed in this thesis 

could therefore be exploited to discriminate between different types of hydrides (terminal, 

multi-coordinated or subsurface) and to clarify their specific role in hydrogen activation and 

transfer under operando conditions. 

An especially challenging but highly impactful extension would be the application 

of these approaches to reactions involving more demanding conditions, such as ammonia 

synthesis. In this case, the relevance of hydrogen spillover and surface hydride species is 

well recognized, yet it remains poorly characterized due to the intrinsic experimental 

complexity. The high pressures required for ammonia synthesis would necessitate 

substantial modifications of the current experimental apparatus, particularly for operando 

spectroscopic measurements. Nevertheless, the insights gained in this thesis provide a 

clear conceptual and methodological framework to guide such developments and to 

identify the most critical parameters to be addressed. 

A second important perspective concerns the use of probe molecules to quantify 

dispersion and site accessibility, with particular reference to CO. In this thesis, CO was 

employed as a probe for pulsed chemisorption measurements primarily for practical and 

industrial reasons, as CO chemisorption is routinely used at Chimet S.p.A. to assess 

dispersion in Pd-based catalysts. While this choice ensured direct comparability with 

industrial practice, the present results also highlight the limitations of CO as a universal 

probe for Ru-based systems, especially in the presence of small, defective or partially 

oxidized nanoparticles. The literature suggests that CO adsorption on Ru can involve 

multiple binding geometries and stoichiometries, which may lead to a wrong estimation of 

dispersion. Future work should therefore aim at a more systematic evaluation of probe 

molecules, combining static and dynamic adsorption experiments and directly comparing 

CO- and H2-based measurements. Such a comparative approach would help disentangle 

purely geometric effects from electronic and chemical contributions and would provide a 

more reliable assessment of accessible Ru sites across different oxidation and hydration 

states. 

More broadly, the methodologies developed in this thesis, based on the integration 

of lab-scale techniques with advanced spectroscopies and on careful control of post-
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synthesis treatments, can be readily transferred to other catalyst systems prepared by 

deposition–precipitation. Extending these approaches to Ru catalysts supported on 

activated carbons, as well as to unsupported Ru oxy-hydroxide systems, would be 

particularly valuable. The latter, initially introduced as reference materials, exhibited 

unexpected structural and catalytic properties that deserve further investigation in terms 

of reproducibility, long-term stability and sensitivity to controlled drying and ageing. 

In conclusion, this thesis not only provides mechanistic insight into Ru-based 

catalysts prepared by deposition–precipitation, but it also establishes a versatile 

experimental and conceptual toolbox. This toolbox can be exploited to tackle open 

questions on hydrogen activation, metal–support interactions and catalyst stability in a 

wide range of hydrogenation and hydrogen-involving reactions, bridging fundamental 

research and industrial catalyst development. 
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Figure A1 Normalized pair distribution functions of Ruuns and RuAl after subtraction of the cell 

contribution. For RuAl, the pattern of alumina collected in the same experimental conditions, up to 

R=35 Å, was subtracted.  

 

 
Figure A2 Normalized Ru K-edge XAS spectra of pristine Ruuns and RuAl in the XANES (a) and EXAFS 
(b) regions, and k3-weighted χ(k) functions (c). Same for RuAl and Ruuns at 200°C in H2 (d,e and f). 
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Figure A3 Normalized O K-edge NEXAFS spectra of (a) Ruuns, (b) RuAl, (c) RuCw and (d) RuCCh in the 
pre-edge region, together with best-fit components, highlighting support-dependent differences in 
the local oxygen coordination of the Ru phase. 
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Figure A4 |FT| (a and b) and Im(FT) (c and d) of the k3-weighted EXAFS functions for Ruuns and RuAl in 
H2 at 200°C and their fit. The dotted vertical lines indicate the windows considered for the fitting 
procedure. 

 

Table A1 Results of the EXAFS data analysis for Ruuns and RuAl in H2 at 200°C. 

 Scattering 

species 

NC (atoms) R (Å) σ2 (Å-2) Χ2
ν R factor 

(%) 

Ruuns 

Ru1 3.8 ± 0.2 2.625 ± 0.004 0.004 ± 0.0003 

3.8 0.9 Ru2 3.8 ± 0.2 2.717 ± 0.006 0.004 ± 0.0003 

Ru3 1.5 ± 0.3 3.777 ± 0.009 0.004 ± 0.0003 

RuAl 

Ru1 4.0 ± 0.4 2.622 ± 0.007 0.0045 ± 0.0014 

99 1 Ru2 4.0 ± 0.4 2.710 ± 0.009 0.0045 ± 0.0014 

Ru3 

 

 

 

 

1.3 ± 0.5 3.769 ± 0.012 0.0045 ± 0.0014 
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Figure A5 H2-TPR collected from 25°C. 

 

 
Figure A6 First derivatives of concentration profile of intermediate components obtained with MCR-
ALS approach for Ruuns (red) and RuAl (blue). 
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Figure A7 Normalized Ru M2-edge spectra collected in different atmospheric and temperature 
conditions. 

 

 
Figure A8 Hydrogenation of benzaldehyde in the temperature range 50-150°C over a) Ruuns and b) 
RuAl catalysts in their pristine and pre-reduced forms 
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Figure A 9 XRD patterns of Ruuns before (pristine) and after (post reaction) its use in the hydrogenation 
of benzaldehyde at 50°C 
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Figure A 10 Catalyst stability over five consecutive reaction cycles. Benzaldehyde hydrogenation at 
50°C was performed using  Ruuns under identical conditions for each cycle. 

 

 

Figure A11 Evolution of H2-TPR thermograms for (a) RuCw and (b) RuCch during 40 weeks of ageing 
after being dried at 90 °C. 

 


