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Kurzzusammenfassung

Mischoxid-Katalysatoren spielen sowohl in der Grundlagenforschung als auch bei
industriellen Anwendungen eine zentrale Rolle, da sie in der Lage sind, vorteilhafte
Eigenschaften der enthaltenen Elemente zu integrieren. Unter diesen ist Ru,Ti;«O2 ein
herausragendes Mischoxid, da es giinstige elektro- und thermokatalytische Eigenschaften
aufweist. Es gibt eine Vielzahl von Studien zur Synthese und Charakterisierung von Ru-Ti-
Mischoxiden. Wobei die Loslichkeit von Ruthenium und Titan in der jeweils anderen
Oxidphase und deren Phasenreinheit noch nicht geklart wurde. Daher ist es notwendig, Ru,Tii-
<Oz herzustellen, die Ru- und Ti-Zusammensetzung in einem weiten Bereich zu variieren und
durch umfassende Charakterisierung Einblicke in ihre physikalischen und chemischen
Eigenschaften zu gewinnen. Wasserstoffinduziertes Katalysator-Engineering wurde kiirzlich
als vielversprechende Strategie zur Erzielung einer tiberlegenen katalytischen Leistung sowohl
bei Hydrierungs- als auch Dehydrierungsreaktionen beschrieben und nachgewiesen. Der
Einbau von Wasserstoff in das Gitter des Oxidmaterials fiihrt in der Regel zur Bildung einer
Hydridspezies oder Hydroxylgruppen, begleitet von Gitterverspannungen, die das katalytische
Verhalten des Materials beeinflussen konnen. Bei Ru-Ti-Mischoxiden ist noch nicht klar, ob
Wasserstoff in den Bulk-Bereich eingefiihrt werden kann. Dariiber hinaus wurde in der Litera-
tur noch nicht liber die Auswirkungen der Einbringung von Wasserstoff in die Bulk-Oxide bei
der thermischen Katalyse berichtet. Daher besteht das Hauptziel der vorliegenden Arbeit darin,
die potenzielle Anwendung von wasserstoffinkorporierten Ru-Ti-Mischoxiden in der
Oxidationskatalyse, anhand der HCI-Oxidationsreaktion und der Propanverbrennung, zu
untersuchen.

In der vorliegenden Arbeit werden Ru,Tii.:O> in der Rutil-Phase durch die konventionelle
Sol-Gel-Methode synthetisiert und zeigen eine deutliche Mischbarkeitsliicke in einem breiten
Zusammensetzungsbereich (0,2 < x < 1). Die Einwirkung von H> bei 250 °C (250R) fiihrt zu
einem Wasserstoffeinbau, der mit einer Gitterverspannung einhergeht, was wiederum die
Oxidationskatalyse der Propanverbrennung erheblich fordert. Von allen Katalysatoren ist
Ruo6Tio402_250R der katalytisch aktivste. Dariiber hinaus wurde Ruo 3Tio.70> ausgewihlt, um
die strukturelle und elektronische Entwicklung bei der Behandlung mit H> bei erhohten
Temperaturen zu untersuchen. 17,6 mol% Wasserstoff konnen in das Mischoxid Rug.3Ti0.702
eingebaut werden, wiahrend dies bei reinem Rutil-RuO, und -TiO> nicht mdglich ist, da es
entweder zu metallischem Ru reduziert wird oder keine Wasserstoffaufnahme zulésst. Es wird
gezeigt, dass mit Wasserstoff inkorporiertes Ruo3Tio7O2 die katalytische Leistung bei
Oxidationsreaktionen wie der vollstindigen Oxidation von Propan und der HCI-
Oxidationsreaktion erheblich verbessert. Die wasserstoffinduzierte Gitterverspannung in
Ruo3Ti0.702, die mit verdnderten elektronischen Eigenschaften einhergeht, ist wahrscheinlich
der Grund fiir die beobachtete verbesserte katalytische Aktivitit. Die Bildung einer festen
Losung eines reduzierbaren Oxids mit einem weniger (oder nicht) reduzierbaren Oxid konnte
die Moglichkeit eréffnen, erhebliche Mengen an Wasserstoff durch Einwirkung von H> bei
erhohten Temperaturen einzubringen, was einen zusitzlichen Parameter zur Feinabstimmung
der katalytischen Leistung in verschiedenen katalytischen Reaktionen in situ darstellt.
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Abstract

Mixed oxide catalysts play a pivotal role in both fundamental research and industrial
applications due to their ability to integrate advantageous properties from the different elements
contained. Among all, Ru,Ti;.,O> is a kind of highly regarded mixed oxide material since it
exhibits favorable electro and thermocatalytic properties. There is a variety of studies on the
synthesis and characterization of the Ru-Ti mixed oxides, while the solid solution limit or
solubility of the ruthenium and titanium into each other’s oxide phase is still ambiguous and
the phase purity has not been clarified yet. Therefore, it is necessary to prepare Ru,Ti1.xO2
varying the Ru and Ti compositions at full range and subsequently gain comprehensive insights
into their physical and chemical properties via dedicated characterization methods. Hydrogen
induced catalyst engineering has been recently reported and demonstrated as a promising
strategy to obtain superior catalytic performance in both hydrogenation and dehydrogenation
reactions. The incorporation of hydrogen into the lattice of the oxide material will normally
result in the formation of a hydride species or hydroxyl groups, accompanied by changes of the
lattice strain, which as a consequence may influence the catalytic behavior of the material. For
Ru-Ti mixed oxides, it is not clear yet whether hydrogen can be inserted into the bulk region.
Moreover, the effect of hydrogen insertion into the bulk oxides in thermal catalysis has not yet
been reported from the literature. Hence, the main objective of the present thesis is to explore
the potential application of hydrogen-incorporated Ru-Ti mixed oxides in oxidation catalysis,
such as propane combustion and HCI oxidation reactions.

In the present research, rutile-phase Ru,Tii«O> are synthesized via the conventional sol-gel
method and reveal a clear miscibility gap in a wide composition range (0.2 < x < 1). Hydrogen
exposure at 250 °C (250R) results in hydrogen incorporation accompanied with lattice strain,
which in turn significantly promotes the oxidation catalysis of propane combustion. Among all,
RuoTi0.402_250R represents the catalytically most active catalyst. Furthermore, Ruo3Ti0.70:2
sample is chosen to investigate the structural and electronic evolution upon hydrogen treatment
at elevated temperatures. 17.6 mol% of hydrogen can be incorporated into the mixed oxide
Ruo3Ti0.702, while this is not possible for pure rutile RuO; and TiO; that is either reduced to
metallic Ru or does not allow for hydrogen absorption, respectively. It is demonstrated that
hydrogen-incorporated Ruo3Tio7O2 improves substantially the catalytic performance in
oxidation reactions such as the total oxidation of propane and HCI oxidation reaction.
Hydrogen-induced lattice strain in Ruo3Ti0.702 accompanied by altered electronic properties is
likely to be the reason for the observed enhanced catalytic activity. The formation of a solid
solution of a reducible oxide with a (non or) less reducible oxide may open the way to
incorporate substantial amounts of hydrogen via simple exposure to H» at elevated temperatures,
providing an additional parameter to fine-tune in situ the catalytic performance in various
catalytic reactions.
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1. Introduction and Motivation

1.1 Catalysts in Chemical Processes

Since the Second Industrial Revolution, the rapid development of modern science and
technology has enabled the traditional industries to greatly thrive, leading to significant changes
in human society. Chemical industry, as the center of the modern science and technology,
mainly involves the conversion of raw materials such as oil, natural gas, water, metals, and
minerals into industrial and consumer goods, which are widely used in our daily life. In
chemical industry, catalysts are widely utilized in most chemical processes, such as Haber-
Bosch, Fischer-Tropsch or Deacon process etc. to accelerate the reaction rate and increase the

production efficiency. A catalyst usually comes out of the catalytic cycle without being altered
[1].

In chemical processes, undesired or hazardous compounds or byproducts can also be inevitably
produced, which may cause negative impact on human health and environment. For example,
the combustion in a combustion engine using gasoline or diesel as fuel, on the one hand
significantly promotes the energy efficiency, but on the other hand emits harmful exhausts such
as particulate matter (PM), nitrogen oxides (NOx), carbon monoxide (CO) and hydrocarbons
(HC) which causes severe air pollution [2, 3]. The elimination of these pollutants and the
curtailment of the undesired byproducts can also be boosted through catalytic processes. From
these aspects, catalysts have been pivotal elements of technology in the past and will continue

to be so in the future.

In the past few decades, many efforts have been devoted for the development of catalysts which
are sufficiently active and durable to be applied under practical conditions. In order to optimize
its performance and the stability, rational design of a catalyst is of paramount importance. In
recent years, catalyst modulation at the atomic scale could be achieved by the continuous
development of nanomaterial synthesis techniques. As a result, precise and controllable

synthesis of nanoscale catalysts has become a hot topic in research.

1.1.1 Mixed Oxides Catalysts: Better Mixed than Bare

Metal oxides are a kind of important catalyst materials, which have been utilized in a wide
range in heterogeneous catalysis, with the purpose to combine beneficial properties of different

elements [4-6]. Mixed oxides materials normally exhibit improved physiochemical properties
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compared to the corresponding pure oxides. Here, an example is CeO»-based materials: ceria is
extensively used in three-way catalysis because of its remarkable oxygen storage capacity (OSC)
[7, 8], it can store and release oxygen under rich and lean conditions. However, CeO> suffers
sintering when the temperature is higher than 800 °C. A commonly adapted solution to increase
its thermal stability is to incorporate foreign ions such as zirconium or praseodymium [9-11].
The CeZr1xO; solid solution is not only more stable upon high-temperature annealing, but also

shows even higher OSC, thus being a more suitable candidate in real applications [12].

Another example is RuO, a characteristic rutile-phase oxide with a tetragonal crystallographic
structure, classified under the space group P4,/mnm (No. 136). RuO»-based materials are
promising catalysts in various important reactions [13]. In thermal catalysis, RuO; has been
proven the most active catalyst at low temperature in the HCI oxidation reaction, namely the
Deacon process [14]. A supported RuOy/rutile-TiO; catalyst has been developed and
commercialized by Sumitomo Chemicals since 1999 [15]. In electrocatalysis, RuO; is regarded
as the most active catalyst in oxygen evolution reaction (OER) [16—18]. Despite its excellent
catalytic performance in both thermal and electro-catalysis, RuO, suffers not only from thermal
instability by transformation into volatile RuO4 at higher temperature, but also from corrosion
in both acid and base electrolyte [17]. To improve the stability of RuO> both in thermal and
electro-catalysis, the formation of a mixed oxide with other rutile-structured oxides such as
Ti0; and IrO; is the simplest and most efficient approach. RuO>-TiO> mixed oxide electrodes
principally serve as the benchmark dimensionally stable anodes (DSAs) with high conductivity
and corrosion resistance in the large scale chloralkali process [19]. In the Deacon process,
mixing ruthenium with titanium can result in higher stability while preserving high activity. In
case of RuO» nanofibers severe sintering was observed after applying harsh reaction conditions,
while mixed Ruog.15Ti08502 fibers do not reveal any morphological changes upon reaction,
showcasing that titanium can stabilize the active RuO; phase of the catalyst material [20]. More
importantly, mixing with less expensive Ti can reduce the input of Ru, since ruthenium is still
a relatively high-priced noble metal (the average price of ruthenium is around $15,000 per kg
from September 1% to October 1% 2023; for comparison, the average price of titanium is about

$6 per kg from September 1% to October 1% 2023) [21].

1.1.2 Synthesis of Mixed Ruthenium-Titanium Oxides

RuO; and rutile TiO share the similar tetragonal unit cells with virtually the same unit cell
volumes (62.70 A3 for RuO; and 62.43 A3 for TiO,), while the ionic radii of Ru*" and Ti*" are
also very similar with 0.67 A and 0.68 A, respectively [22]. Even though the octahedral
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structures are slightly different (as shown in Figure 1.1), a well-mixed RuO»-TiO; at atomic
scale is expected to be achieved by dedicated synthesis strategies. In doing so, various
preparation methods have been reported in the literature in order to synthesize the binary Ru,T1;.-

+O2 mixed oxides.

Figure 1.1. Octahedral structures in rutile TiO; (left) and RuO, (right). Reprinted with permission from
reference [22]. Copy right 2019 John Wiley and Sons.

A Ru0,-TiO; electrode coating is usually synthesized by thermal decomposition of the metal
chloride (RuCl3-xH>0O) or alkoxide after painting corresponding suspension on metal substrates.
In 1977, Gerrard et al. prepared RuO»-TiO> coatings with varied Ru nominal ratios on flat
titanium/silica substrates, using RuCls and TiCly as precursors. Calcination at 400 °C ~ 450 °C
produces a metastable RuO»-TiO; solid solution or a finely dispersed mixture of the two phases,
the rutile d-spacings of the (110) and (211) reflections as a function of composition exhibit a
marked deviation from Vegard’s law. At higher annealing temperatures (700 ~ 800 °C) it
appears that only almost pure rutile TiO, and RuO» phases co-exist with only very limited solid
solubility [23]. Ru,Ti1.«O2 coatings prepared by Duvigneaud et al. also indicate the lattice
parameters a/b, c to not follow Vrgard’s law. They conclude ruthenium and titanium can form
partial solid solutions at temperatures above 1000 °C, while complete miscibility is possible in
the temperature range of 350 °C ~ 600 °C [24]. Guglielmi et al. prepared a RuO»/TiO; layer
coating with a molar ratio of 30/70 from a mixture of titanium iso-propoxide and different
ruthenium precursors: ruthenium(II) nitrosyl nitrate, ruthenium(III) chloride and ruthenium(III)

acetylacetonate. X-ray diffraction (XRD) data indicates after calcination at 400 °C that a rutile
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solid solution can be obtained and the types of ruthenium precursors do not affect the phase

purity [25].

The sol-gel method is widely applied for the synthesis of mixed oxide materials. Kameyama et
al. prepared isolated RuO>-TiO: oxide particles via a sol-gel method consisting of hydrolysis
and condensation of metal alkoxides. They claim that a perfect Ru-Ti solid solution is formed
at high ruthenium doping levels, while in Ti-rich samples a clear phase separation was observed
[26]. Osman et al. also synthesized RuO.-TiO> gels and powders via the hydrolysis of
ruthenium alkoxide/titanium tetra-ethoxide mixtures. The ruthenium: titanium ratio was kept at
4:1 for all samples. For uncalcined gels, X-ray fluorescence (XRF) data reveals significant
disparities from the nominal ratio, which is due to ruthenium precipitating out of the system
before the titanium precursor is added, as the authors hypothesize. This seems to be an
unavoidable result of the high concentrations of RuCls required [27]. Malek et al. assume that
Ru,Ti1xO2 by sol-gel preparation is a single-phase rutile-type solid solution for 0 < x < 0.7.
However, the lattice parameters of the as-synthesized sample shows a deviation from Vegard’s
law [28]. Investigations of Colomer et al. indicate that the calcination temperature of the Ru, Ti-
<02 xerogels plays an important role for the final state of the crystalline phase distribution. Low
temperature calcination at 300 ~ 400 °C results in the solid solubility of x < 0.3 for RuO»
incorporated into rutile-TiO,. Calcination at 500 °C leads to decreased solubility within the
range of 0.05 <x < 0.1, probably due to the meta-stability properties of the rutile solid solutions
containing RuO; at above 400 °C. However, Ru and Ti-rich rutile Ru,Ti1.xO2 solid solution co-

exist after calcination at 700 °C [29].

In addition to the conventional thermal decomposition and sol-gel methods, researchers explore
alternative approaches for synthesizing Ru-Ti mixed oxides. Morais ef al. prepared Ruo.9Ti.102
and Ruo.1Ti0.90> mixed oxide catalysts by a one-pot hydrothermal method. X-ray diffraction
(XRD) pattern reveals a clear phase-separation after incorporation of TiO; for both samples,
for Ruo.1Ti0.90> even an anatase TiO> phase appears while shifts of the reflections indicate only
limited inclusion of titanium ions within the RuO, matrix. X-ray photoelectron spectroscopy
(XPS) also points to a higher concentration of Ti on the surface compared to the nominal one
[30]. Christian et al. synthesized Ru,T11.xO2 (0.02 < x < 0.5) nanofibers by an electrospining
method and subsequent calcination at 475 °C. For x < 0.05, anatase phase of nanofibers is
predominant while for x > 0.1 rutile Ru,Ti1.xO2 solid solution is obtained exclusively [20]. Déria
et al. applied both Pechini and ionic liquid method to synthesize a Ruo3Tio7 coating on a
metallic titanium plate. The splitting of the (101) reflection in XRD also reveals a metastable

solid solution of the two components can be formed [31].
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Hrovat et al. explore the extent of solid solubility in the RuO,-TiO> system, they apply solid-
phase synthesis by mixing RuO> and TiO> and then subsequent annealing at varying
temperatures up to 1350 °C. The highest temperature is set at 1350 °C due to thermal
decomposition of RuO; into metallic ruthenium and oxygen (cf. Figure 1.2a). According to
wavelength-dispersive X-ray spectroscopy (WDS) analysis, solid solubility at 1350 °C is
determined to be 16.5% of TiO2 in RuO; and 13.5% of RuO; in TiO> [32]. Jacob et al. further
refine the phase diagram for the RuO,-TiO; system in air, based on similar experimental
protocols as Hrovat ef al. They find that at 1120 °C, a two-phase mixture containing RuO»-rich
solid solution (ss) and TiO»-rich solid solution (ss) is encountered in a wide range with limited
solubility of around 10 mol%. The solubility of TiO, in RuO; increases with increasing
temperature, which means the miscibility gap is reduced upon high-temperature calcination (cf.

Figure 1.2b) [33].

T T T T
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Figure 1.2. The RuO»-TiO; phase diagram as proposed by different studies. a) is reprinted with permission
from reference [32]. Copy right 2011 Springer Nature; b) is adapted with permission from reference [33].
Copy right 2007 Springer Nature; ¢) is adapted with permission from reference [34]. Copy right 2015 John
Wiley and Sons; d) is reprinted with permission from reference [22]. Copy right 2019 John Wiley and
Sons.
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In order to gain a more fundamental understanding of this oxide system, density functional
theory (DFT) calculations are recently utilized by some researchers. Wang et al. study the
Ru,Ti1.,O2 solid solution combining both DFT calculation and experimental data. After
comparison they find that conventional phase analysis based on Vegard’s law leads to 8% - 32%
deviation in total composition from the actual value of the Ru,Ti1.O2 samples as derived from
DFT computations. The catalysts prepared by sol-gel method contain three different phases:
TSS (TiO: solid solution), RSS (RuO; solid solution), and ISS (intermediate solid solution) (cf.
Figure 1.2¢). The authors finally conclude that the regular experimental conditions and
compositions are located in the broad spinodal regime. Therefore, complete miscibility of RuO»
and TiOz is not likely under regular sample preparation conditions and mixtures of Ru-rich and
Ti-rich solid solution phases dominate [34]. Yang et al. further investigate the structural and
electronic properties of rutile solid solutions by DFT calculations. The computed phase diagram
indicates that the limit of dissolution for Ti in RuO; is located at 0.27 (Ru-rich) and 0.81 (Ti-
rich) at a temperature of 1425 °C (cf. Figure 1.2d). The main reason for the phase separation
is attributed to the different local octahedral structure of RuO; and TiO;, and the different

interaction of valence electrons [22].

According to the above-mentioned literature, it seems that there is still controversy about the
exact solid solubility of ruthenium and titanium. The preparation method and the calcination
temperature jointly play an important role in determining the phase formation and the stability.
Moreover, most of the publications do not provide systematic information at a full composition
range, hence some of the conclusions lack sufficient evidence. Therefore, synthesis and
characterization of the Ru,T11-xO> solid solution with varying the composition x in the full range,
while keeping the preparation and calcination temperature constant is important for gaining an
overview of the structural evolution of and may provide additionally detailed knowledge of the

Ru,Ti1xO2 solid solution.
1.2 Hydrogen-Induced Catalyst Engineering

1.2.1 Strong Metal Support Interaction (SMSI)

Fine-tuning of a catalyst is of great importance for further improvement its catalytic activity.
Among the varying strategies of catalyst engineering, hydrogen-induced modulation of the
catalytic properties is gaining more and more interest in recent years. For a supported catalyst,
nanoparticles on the surface of the support generally exhibit a high fraction of undercoordinated

atoms, which makes it easier to react with molecular hydrogen and as a result cause a
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reconstruction of active sites [35, 36]. For example, in the case of supported platinum catalysts
such as Pt/TiO; or Pt/Al>O3, hydrogen treatment at elevated temperature is one of the simplest
approach for the re-dispersion of Pt nanoparticles. For Pt/AlbO3, DFT studies indicate that
annealing temperature and H; pressure strongly affect the state of Ptiz particles: high
temperature and low H» pressure will lead to a biplanar geometry in which Pt strongly interacts
with the support’s surface, whereas a decrease in temperature or an increase of H» pressure
results in a morphological reconstruction from biplanar to a cuboctahedric Pt cluster, since the
cuboctahedric structure can adsorb high amounts of hydrogen to form surface hydride species
at cost of moderate deformation, thereby weakening the interaction with the support [37].
Hydrogen reduction is also one of the means to introduce strong metal support interaction
(SMSI) on supported catalyst [38]. SMSI describes an interaction of the metal and support,
which will lead to the encapsulation of the active component by forming an overlayer via the
migration of the supporting material under reducing conditions [39]. The SMSI is originally
reported by Tauster et al. on TiO2-supported group VIII precious metals: they find that upon
higher-temperature reduction treatment (> 500 °C), the chemisorption capacity of H, and CO
will dramatically decrease to even near zero, due to the migration of reduced titanium oxide

onto the metal [40—42].

SMSI is also reported for RuO»-TiO;-based systems and has been extensively studied by
different researchers. Zhang et al. prepared RuO»/TiO; catalysts with varying Ru loadings (0.5,
1, 2, 4 wt. %) using an impregnation method, with the aim of investigating the size-dependent
metal support interaction in Fischer-Tropsch synthesis. All the catalysts were calcined in air at
300 °C prior to a reduction treatment under H> at 450 °C which results in SMSI of Ru/TiO> via
the formation of a TiOx coating on the Ru nanoparticles (NPs). By different characterization
methods, it is revealed that with increasing Ru loading, the sizes of the Ru NPs slightly increase
from 1.58 to 2.24 nm, and the proportion of TiOx coating gradually decrease, which makes the
reduction of the Ru NPs easier. The activity data indicates that the enhanced degree of reduction
for large Ru NPs renders the methanation facile, while in case of small Ru NPs, accompanied
by an extended TiOx coating, a preference toward carbon chain growth (Cs+ hydrocarbons) can
be found [43]. Subsequently, they explore the effect of reduction temperature on the SMSI and
find that SMSI of Ru and TiO; controls the surface exposure of Ru NPs. Here, 2.2 wt. %
Ru/TiO; catalysts are reduced at varying temperatures in H> (from 200 to 600 °C). With
increasing reduction temperature, the TiOx thin layer begins to migrate and coat the Ru surface,
resulting in a shrinkage of accessible metallic Ru surface, thus leading to a decreased activity

in Fischer-Tropsch synthesis [44]. In the latest study of the same research group, a new
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mechanism for the SMSI formation is proposed (cf. Figure 1.3). The conventional way to form
SMSI involves metallic Ru NPs being obtained at a low reduction temperature, and then
migration of the TiOx overlayer on the Ru surface upon high-temperature reduction. They claim
high-temperature pre-calcination in air of Ru/TiO; leads to epitaxial growth of RuO> on the
rutile TiO2 support to form a Ru,Ti1.xO2 mixed oxide interphase. Subsequent H» treatment
pronouncedly facilitates the co-reduction of Ru and Ti, which leads to an enhancement of the
TiOx overlayer on the Ru NPs. Therefore low-temperature reduction of Ru/TiOz-xAir (x >
300 °C) can also lead to SMSIs due to facile co-reduction of the Ru,Tii..O> interphase [45].
Zhou et al. apply anatase (A-TiOy) and rutile TiO> (R-TiO») as supports to investigate the SMSI
behavior of Ru/Ti0; catalysts under varying calcination conditions. It is found that annealing
Ru/R-TiO; in air can incorporate Ru atoms into the surface lattice of R-Ti10; to form epitaxial
RuOx species due to the lattice matching between RuO; and R-TiO,. Such interfacial RuOx
species can act as anchoring layers to strongly bind Ru nanoparticles onto R-TiO supports after
reduction in hydrogen. Catalytic activity data in CO, hydrogenation reaction points to Ru/R-
TiO2-air-H» (pre-calcined in air at 400 °C and then reduced in H» at 300 °C) exhibiting a much
higher activity than Ru/R-TiO;-H; (directly reduced in H> at 300 °C). For RuO2/A-TiO,, pre-
calcination under air and then reduction under hydrogen results a noticeable SMSI, leading to

almost no activity in CO; conversion [46].
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Figure 1.3. (a) Classic support migration mechanism for SMSI formation. (b) Proposed Ru—O-Ti co-
reduction mechanism for the facile formation of SMSI. Reprinted with permission from reference [45]. Copy
right 2022 American Chemical Society.

From the above-mentioned literature, hydrogen treatment and the resulting SMSI provide an
additional way to regulate the activity and selectivity of catalysts, thus being a promising

approach for real applications. The formation of SMSI normally requires high reduction
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temperature, while the interaction between hydrogen and mixed oxides like Ru,Ti1.,O> at mild

temperature (< 300 °C) is still unclear and awaiting to be uncovered.

1.2.2 Interaction of Hydrogen with/on Metal and Metal Oxide

In addition to induce reduction reactions of the metal oxide, the adsorption of hydrogen is also
a very important phenomenon which has attracted increasing attention from many researchers.
Owing to the small size of H, there is a variety of possible incorporation sites for H. Hence,
there are different incorporated species which are (most commonly) discussed in literature:

hydride (H-), proton (H") and neutral hydrogen (H°) [47, 48].

Especially, the hydrogen incorporation on metal or metal oxides on the surface/bulk can form
stable compounds which hydrogen stays in form of anion (H"), namely the hydride. In recent
decades, (molecular) hydrogen itself is considered to be a cleaner alternative to the traditional
fossil fuel, since the latter will cause severe pollutions and global climate change. However, the
efficient storage of hydrogen is still a remaining issue for its large-scale application. In this
scenario, metal hydrides are widely investigated due to their great potential in energy storage
applications [49, 50]. Moreover, hydrides have also a wide range of applications in catalytic
processes such as hydrogenation/dehydrogenation or reforming reactions. Johnson et al.
investigate the chemistry of bulk hydrogen in the hydrogenation reaction of CH3 to CH4 on a
nickel catalyst under ultra-high vacuum (UHV) condition. Via deuterium isotope labelling
experiments they demonstrate the hydrogen embedded in the bulk to be the reactive species,
while the hydrogen species bound to the surface are unreactive [S1]. Their finding is further
supported by Ledentu et al., whose theoretical study indicates the higher reactivity of the
subsurface species to be due to the higher potential energy of the metastable state, resulting in
a lower activation barrier for the hydrogenation of the surface adsorbates [52]. Palladium
hydride complexes are also extensively studied in hydrogenation reactions, for example
Teschner ef al. devise prompt gamma activation analysis (PGAA) to quantify the solubility of
hydrogen in a Pd catalyst. The experimental results show that after alkyne hydrogenation
reaction the solubility of hydrogen is higher than before the reaction (PdHog7 vs. PdHo.7s,
respectively), which corroborates bulk-dissolved and subsurface hydrogen to be very reactive
and participate in unselective hydrogenation as B-hydride species PdH. (x > 0.58) [53].
Research by Wilde et al. indicates that the hydrogenation of the olefinic double bond requires
the presence of weakly bound H species absorbed in the Pd particle volume. Carbon deposition
strongly affects the H depth distribution in the Pd particles and promotes persistent

hydrogenation activity. The promotion of the sustained hydrogenation by the carbonaceous
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deposits is attributed to the facilitation of hydrogen diffusion from the surface into the bulk of
the Pd particles, which allows a fast replenishing of the volume-absorbed hydrogen atoms [54].
The above research clearly indicates that the adsorbed hydrogen could play a critical role in the
catalytic process, while the exact position of the inserted hydrogen still unclear. Usually, owing
to its small atomic radius, the absorbed hydrogen occupies the interstitial sites of the parent
metal lattice. For Pd hydride, it is assumed that the hydrogen occupies the octahedral interstices
(O-sites) in the bulk region [55, 56]. However, employing the neutron powder diffraction (NPD)
Akiba et al. uncovered that there is also a part of hydrogen located at the tetrahedral interstices
(T-sites) which probably only limited in the subsurface region [57, 58]. Subsequently, Lin ef al.
applied advanced integrated and differentiated differential phase contrast (iDPC and dDPC,
respectively), a new imaging technique within aberration-corrected scanning transmission
electron microscope (SETM), to acquire a clear view on the hydrogen positions in Pd hydride.
The enhanced image contrast directly identifies the hydrogen to atoms occupy the T-sites at the
near- surface region of Pd hydrides, while the occupation site gradually changes to the O-site

in the bulk, with the transition extended over several atomic layers [59].

Contrary to the facile formation of Pd hydrides even at ambient temperature and atmospheric
pressure, the ruthenium hydrides demand more critical synthesis conditions: Kuzovnikov ef al.
successfully synthesize Ru monohydride at a hydrogen pressure of about 14 GPa, the hydride
formation is accompanied by a phase transition from the original hcp structure of the pristine
metal to the fcc structure [60]. Besides, some ruthenium hydride complexes are fabricated in

organic and aqueous media and applied in homogeneous H>-hydrogenation reactions [61—63].

The interaction of hydrogen with oxides is even more complex than with metals. Hydrogen
exposure leads frequently to the formation of surface hydroxyl groups, but can also result in
hydrogen incorporation into bulk oxide as proton or hydride species [47, 49]. A special case for
oxide material to form hydride is CeO,. For CeO,, it is widely accepted that dissociatively
adsorbed H> on ceria will form two surface OH groups which further desorb as water while
creating an oxygen vacancy (Ce*") [64]. In 2001 Sohlberg et al. carried out first-principles
calculations to study the possible uptake of hydrogen by ceria. The calculations suggest that the
uptake of hydrogen by ceria to form HCesOg becomes thermodynamically spontaneous below
665 K. This uptake produces a lattice volume expansion of about 1.5%. The incorporated
hydrogen forms hydroxyl structures within the ceria bulk. A “hydride” form where the H is
octahedrally coordinated by Ce is assumed to be energetically unstable [65]. DFT calculations
from Garcia-Melchor et al. suggest a heterolytic H> dissociation to be kinetically favored on

the CeO»(111) surface to form a Ce—H and a Ce—OH species. The formed Ce—H species further



11

evolve to the thermodynamically more stable OH species, accompanied by the reduction of
Ce*" to Ce** [66]. Based on the above studies, the dissociation of H, over CeO; could generally
involve two mechanisms: one is the homolytic cleavage to form two Ce—OH groups, and the

other is heterolytic cleavage to produce Ce—H and Ce—OH [67].

In 2012, Vilé et al. reported for the first time the hydrogenation reaction of alkynes to olefins
over a bulk CeO; catalyst. It turns out that that pre-reduced CeO; leads to a dramatic decrease
in alkyne conversion and alkene selectivity, indicating an excessive degree of surface reduction
having a detrimental influence on the catalytic performance. They infer that the oxygen species
involved in hydride transfer might differ from the more mobile oxygen species involved in
oxidation reactions [68]. Subsequently, they investigate the shape-dependent activity of ceria
in both CO oxidation and C>H» hydrogenation reaction. The catalytic performance in the
oxidation reaction and the hydrogenation reaction show quite inverse structural sensitivities.
Ceria exposing the (111) facet reveals a higher hydrogenation activity while the (100) surface
dominates in the oxidation reaction. The easier formation of oxygen vacancies of (100) facets
might have detrimental influence on the hydrogenation reaction. The authors speculate that the
higher hydrogenation activity of the (111) facet could be related to a better stabilization of
reactive intermediates [69]. To further clarify the origin of outstanding activity and selectivity
observed on CeO; and to elucidate whether CeO, can also store hydrogen below the surface,
Werner et al. conduct infrared reflection absorption spectroscopy (IRAS) measurements on
CeO2(111) thin films under the exposure of hydrogen molecules in the mbar regime. The data
reveals that hydrogen is only located at the surface of stoichiometric CeO>(111), whereas H
incorporates as a volatile species into the volume of partially reduced CeO2«(111) thin films.
Combined with the DFT calculations (cf. Figure 1.4), they conclude that oxygen vacancies can
facilitate the hydrogen incorporation into the ceria bulk [70, 71]. A similar conclusion was also
obtained by Wu et al., who observe directly the cerium hydride species (Ce—H) through in situ
inelastic neutron scattering (INS) spectroscopy. By comparing the INS spectra of the hydrogen
treated CeO» nanorods with bulk CeHs and CeH; hydrides as well as the surface hydride on
reduced ceria (111), (110), and (100) facets, they conclude that both surface and bulk hydrides
co-exist in the reduced CeO,. These Ce—H species are quite unstable under oxidative conditions
and readily react with adsorbed O> species to form water. However, the cerium hydrides could
be preserved during hydrogenation reaction using high concentration of H», maybe serving as
active sites evolving in the reaction process [72]. Since the Ce—H species are unstable and prone

to transform into more stable OH groups or water, the inelastic neutron scattering or neutron
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powder diffraction analysis are currently the most effective methods for their characterization

[73].
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Figure 1.4. (a) Schematic representation of possible homolytic/heterolytic hydrogen dissociation pathways.
The bold lines represent Ce ions on the surface, dashed lines represent delocalized electrons. Ce ions are in
oxidation state +4 if not stated otherwise. (b) Corresponding energy profile of hydrogen incorporation. The
plus sign (M1+) indicates that the reported energy includes gas phase H>. Reprinted with permission from
reference [70]. Copy right 2017 American Chemical Society.

Quite in contrast, exposing RuO» to hydrogen does not lead to the formation of hydrous RuO,
or solid suboxides. Thermal treatment under hydrogen at temperatures above 130 °C instead
results in the chemical reduction of RuO; accompanied by a phase separation into RuO> and
metallic ruthenium on the nanoscale [74, 75]. However, in electrocatalysis hydrogen is assumed
to be incorporated as protons to form hydroxide or hydrate species. Krause et al. report that
anodic polarization of Ru(0001) can form hydrous RuO, layers, which will transform into flat
metallic Ru islands and RuO; particles after annealing at 200 °C [76]. Hu et al. also fabricate
hydrous RuO: (RuO,-xH>0) nanotubes by electrodeposition using hydrothermally synthesized
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RuO;-xH>0 nanocrystallites as precursor [77]. Néslund et al. report that RuO; coatings can
transform into ruthenium oxyhydroxide (RuO(OH);) species under industrial hydrogen
evolution conditions, which could be the main reason for the destabilization of the RuO; coating
[78]. Based on DFT calculations, Karlsson et al. find that during hydrogen evolution the
hydrogen enters the rutile RuO; lattice and converts oxygen groups into hydroxyl groups [79].
Weber et al. discover that cathodic polarization of a single-crystalline RuO2(110) in an acidic
environment will cause proton insertion into the lattice, which ultimately transform RuO>(110)
into a hydrous RuO; layer [80]. Recently, Yang et al. accomplish hydrogen insertion into RuO,
by a dedicated soft chemical approach based on the water gas shift reaction at temperatures
below 200 °C. This approach leads to a monoclinic HxRuO: phase upon insertion of hydrogen
into the rutile RuO, matrix with superior activity in hydrogenation reactions [81]. Dahal et al.
present a scanning tunneling microscopy (STM) study about the hydrogen adsorption on RuO»
(110), they observe heterolytical dissociation of hydrogen to hydride-hydroxyl pairs even at 5
K under ultra-high vacuum (UHV) conditions. Low temperature annealing (120 ~ 295 K) will
lead hydride species to form bridging hydroxyls, which will ultimately form water under high
temperature annealing (450 ~ 600 K) [82].

Based on the above literature review, the actual state of incorporated hydrogen among various
metal oxides still remains elusive. To establish a clear and comprehensive scaling rule, Ao
conducts systematic first-principles calculation to investigate the behavior of uncharged
hydrogen in more than 100 different metal oxides. In his calculation, three main hydrogen
incorporation sites, namely, interstitial sites, OH groups, and oxygen vacancies, are taken into
consideration. H prefers to form OH groups in reducible oxides but occupy interstitial site in
the irreducible ones. Furthermore, hydrogen plays a double role by stabilizing oxygen vacancies
and promoting the formation of metal hydride species. Therefore, oxygen vacancy formation
energy could be identified as the descriptor to scale the present state of hydrogen due to its

linear correlation with the H formation energies [83].

The hydrogen incorporation behavior would be even more intricate in a binary or ternary metal
oxide system, since multiple factors such as redox properties, bonding behavior, or electron
state of each component could collectively affect the hydrogen incorporation process, which
further exert influence on the catalytic performance of the materials. The hydrogen
incorporation in mixed oxides system has rarely been reported in the literature. In this context,
exploring the incorporation of hydrogen into mixed oxides, such as Ru-Ti mixed oxides, is of

great interest.
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1.3 Ruthenium Based Catalyst in Oxidation Catalysis

1.3.1 Application 1: Ru-based Propane Oxidation Catalyst

Catalytic propane oxidation plays a pivotal role in the post-combustion treatment of liquid
petroleum gas (LPG) powered engines’ exhaust. Ruthenium is known to be one of the most
active elements in the activation of C—H and C—C bonds, offering significant potential as a cost-
effective alternative to the current commercial Pt-based catalysts due to its lower cost (the
average price of ruthenium is around $15,000 per kg from September 1 to October 1% 2023;
for comparison, the average price of platinum is about $29,000 per kg from September 1% to

October 1% 2023). [21, 84, 85].

Okal et al. first discovered that a Ru/y-Al,Os catalyst prepared by high-temperature (> 500 °C)
hydrogen reduction exhibits excellent propane oxidation activity, achieving complete propane
conversion at 200 °C. They propose that the active component responsible for propane
oxidation is non-stoichiometric Ru,O, nanoparticles or large metallic Ru particles coated with
RuO: nanolayers [86—88]. Compared to the inert carrier y-Al2O3, CeO> exhibits superior oxygen
storage capacity with a rapid Ce*"/Ce*" redox cycle, making it a more active alternative.
Consequently, Hu et al. prepared a Ru/CeO; catalyst which achieves full propane conversion
at 210 °C. Quite in contrast, under the same experimental conditions, the Ru/Al,O3 catalyst
requires a higher temperature of 275 °C to reach 100% propane conversion. Characterizations
by XPS, CO-TPR and O,-TPR indicate that the abundant oxygen defects at the Ru-CeO,
interface facilitate the adsorption and activation of propane molecules, creating an additional
pathway for propane combustion and thereby significantly enhancing propane combustion
activity [89]. Based on these results, Wang er al. further increase the oxygen defect
concentration at the Ru-CeQ; interface by optimizing the morphology/facets of the CeO>
supports (including nanorods, cubes, and octahedrons). Among all, the Ru/CeO> nanorods
exhibit the highest activity, reducing the total propane conversion temperature even further to

195 °C, surpassing the performance of currently reported Pt-based catalysts [90].

However, within oxygen-rich reaction conditions, highly active small RuO;, clusters will be
gradually oxidized and sintered, transforming into crystalline, less active RuO: particles,
ultimately leading to catalyst deactivation [86]. Therefore, several researchers have explored
and proposed the strategy of introducing a third component in order to stabilize Ru-based
catalysts. For example, Ledwa et al. employed the reverse micro-emulsion method to synthesize

Ru,Ce1.,O2., particles, which are subsequently loaded onto a y-Al,O3 support. Activity tests
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demonstrate that the RuO, active species can be effectively stabilized at 800 °C [91, 92]. Sun
et al. also prepared unsupported Ru-Ce mixed oxides to increase the stability of the Ru active
sites [93]. Similarly, Okal et al. synthesized a series of Ruy-Re,/y-Al2O;3 catalysts, which can
achieve 95% propane conversion at 173 °C while maintain stable over 25 hours. It is shown
that the strong interaction between the ReOx species and y-Al,O3 can sufficiently inhibit the

agglomeration and sintering of RuOy species via the physical isolation effect [94, 95].

In summary, the sintering and the volatility are obstacles for the industrialization of RuO;-based
catalyst, while the introduction of mixed oxides is a general and low-cost approach to stabilize
ruthenium in various combustion reactions which need high temperatures (like propane
combustion). In this regard, Ru-Ti mixed oxides emerge as promising catalysts, demonstrating

both high activity in various catalytic oxidation reactions and exceptional stability.

1.3.2 Application 2: Ru-based HCI Oxidation Catalyst

The Deacon process, established by Henry Deacon in 1874, is a procedure to recycle the
undesired by-product HCI by re-oxidation to chlorine in the chlorine industry where chlorine is
used as reactant. Among different catalyst systems, RuO»-based materials exhibit superior
catalytic activity and stability at low temperature. The first report of ruthenium-based catalysts
in HCI oxidation can be traced back to the patent from Shell plc in 1964, in which silica gel,
alumina, and pumice are selected as supports and loaded with the active ruthenium species, but
there was no further pilot test or industrialization reported thereafter [96]. Seki from Sumitomo
Chemical Industries Co., Ltd. prepared RuO> catalysts on different supports (Al2Os, SiOa,
anatase-Ti0O; and rutile-TiO») via an impregnation method, and evaluated their performance in
HCI oxidation reaction. The results show that the structural properties of the support have a
significant influence on the catalytic performance. Among them, the RuO/ rutile-TiO» catalyst
shows the best catalytic activity because RuO; can epitaxially grows as a thin layer on the
surface of rutile TiO2, thus effectively promoting the catalytic activity. To enhance the thermal
stability and prevent the sintering of Ru species of the RuO»/rutile-TiO; catalyst, SiO; and RuO»
were co-impregnated onto the surface of rutile TiO». The resulting catalyst exhibits remarkable
thermal stability at ~85% conversion over 16,000 hours. It is hypothesized that the inclusion of
Si0; effectively hinders the growth of Ru particles [97]. Xiang et al. conduct further research
on the RuO,/TiO> catalyst system and discuss the morphology evolution process of RuO>
nanoparticles on the P25-T10; surface. The experimental results show that there is a size effect
in the growth of RuO, on TiO,. RuO»> particles with a size smaller than 2 nm can transfer to an

epitaxial growth layer under Deacon reaction condition, while the larger RuO: particles are less
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prone to changing their size. Based on thermodynamic simulation, it is speculated that this
phenomenon is caused by the surface tension and interfacial lattice matching between the RuO»
and the TiO, [98]. Kondratenko ef al. prepared RuO»/ rutile-TiO> catalyst with much lower Ru
content (0.16 wt.%) by an ethylene glycol assisted precipitation method. The obtained catalyst
shows comparable activity to the industrially applied 2 wt.% RuO»/rutile TiO> catalysts, while
the usage of Ru is significantly reduced, thus lowering the cost of the catalyst. However, due to
the complexity of the preparation process, it is challenging to implement it for industrial

applications [99].

Seitsonen et al. established a model of RuO2(110)/TiO2(110) and study the reaction mechanism
of the RuO,/TiO, catalyst system by DFT calculations. The results show that
RuO»(110)/Ti02(110) follows the one-dimensional Langmuir-Hinshelwood (L-H) mechanism
in HCI oxidation reaction. HCI reacts with oxygen species adsorbed on the TiO; surface to
generate Cly and H>O. The recombination of two adsorbed chlorine species to form gaseous Cl»
is the rate-determining step. When the thickness of RuO> is one atomic layer, the Ti in the
surface layer of O-Ti—O can be replaced by Ru. The addition of Ru promotes the dissociation
of oxygen adsorbed on the TiO: surface, thus promoting the activity to a certain extent [100].
Lopez et al. also study the reaction mechanism of RuO»/TiO: catalyst through DFT calculations
and Temporal Analysis of Products (TAP). The results show that the reaction mainly follows
the L-H mechanism, the RuO,.,Cl, generated during the reaction is the active species and the
generation of chlorine is the rate-determining step of the reaction, and the production of chlorine
is closely related to the coverage of Cl and O on the surface. It is also found that under low O
coverage, a trace amount of chlorine can still be produced indicating that surface lattice oxygen
can also participate in the reaction through the Mars van Krevelen (M-K) mechanism [101,

102].

Pérez-Ramirez et al. and Bayer Material Science (BMS) jointly developed a RuO»/SnO>-Al,03
catalyst (Ru loading of 2 wt.%) for the HCI oxidation reaction. SnO; also reveals a rutile
tetragonal phase, the lattice matching between RuO> and SnO: fosters the epitaxial growth of a
film-like RuO», resulting in a catalyst that is both highly active and exceptionally durable. The
addition of Al,Os3 hinders the interaction of formed Ru—OH species in the reaction and
suppresses the sintering of active phase, further enhancing catalytic stability. Under the
experimental conditions of feed gas HC1:02 = 2:1, W/Fuc1 = 36.4 g-h/mol (W represents the
catalyst mass, Fuci represents the molar flow rate of HCI in the feed gas), T = 553—653 K, the
RuO2/Sn0,-Al0O3 catalyst shows a finalized HCI conversion of about 36% and is stable for

more than 10,000 hours, thus revealing great potential for practical application [103, 104].
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Teschner et al. combine in situ PGAA, TAP and DFT calculations to study the surface
properties of the RuO»/Sn0,-A1>O3 catalyst and the related reaction mechanism. The high-
resolution TEM images show that there are two kinds of Ru species, one is RuO» particles
within 2—4 nm in diameter, and the other is a RuO»> thin layer with a thickness of 1-3 monolayers.
PGAA and TAP experimental results show that the RuO2/SnO»2-Al>O; catalyst follows the L-H
mechanism in the reaction, in which the activation of oxygen is the rate-determining step of the
reaction. During the reaction process, the chlorine species adsorbed on the surface of the
catalyst can combine with oxygen to form active oxychlorine compounds, so the activity of the
reaction is directly related to the oxygen coverage of the catalyst. The DFT results also prove
that HCI oxidation reaction is structure sensitive. The activity of a RuO; monolayer is higher

than that of bilayer RuO»(110)/SnO>(110) [105-108].

In the Deacon process, the chlorination of the catalyst leads to a severe loss of activity, as
observed in copper and ceria-based catalysts. To better predict the catalyst stability under harsh
reaction conditions, Hess applies computational models to investigate the catalyst degradation
behaviors of 66 elements. Two descriptors including chlorination and volatility of the metal
oxides are utilized for screening. It is found that most oxides operated at low conversion are
unstable toward chlorination and the formation of volatile compounds, while operated at higher
conversion rates, their overall stability is enhanced. However, there is an exception with RuO,-
based catalysts, which are stable (less prone to chlorination or volatilization) even under harsh
conditions [109]. Over et al. applied a single-crystalline RuO>(110) model to elucidate the
remarkable stability of ruthenium species during HCI oxidation at the atomic level. The results,
as derived by high-resolution core-level shift (HRCLS) spectra, thermal desorption spectra
(TDS), low-energy electron diffraction (LEED), and temperature-programmed CO oxidation
experiments, collectively affirm that the RuO»(110) surface undergoes chlorination, forming
Ru0,..Cl(110), when exposed to HCI oxidation conditions. This chlorination process involves
the partial replacement of bridging surface oxygen species (Oyr) with bridging chlorine species
(Clyr). Notably, the incorporation of chlorine ceases when Cly: atoms replace most of the Oy
atoms. Consequently, the chlorination process of RuO» (110) appears to be self-limiting. The
resulting RuO».,Cl(110) surface, generated by this unique chlorination process, significantly
contributes to the exceptional activity and stability of ruthenium-based catalysts in the HCI

oxidation reaction [110-117].

From the above-mentioned studies, RuO- is found to be not bulk-chlorinated under reaction
conditions and to have a not very volatile chloride, while the only remaining issue is that RuO,

is prone to form volatile RuOy at high temperatures and highly oxidizing conditions. Leaching
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of RuO4 has been proposed to deactivate RuOs-based Deacon catalysts at high reaction
temperatures. The volatilization of RuO> may possibly begin with morphological changes such
as mobilizing or sintering on the support surface, here, a good approach to stabilize ruthenium
is the formation of mixed oxides such as Ru,Ti1.xO2. Kanzler et al. prepared pure RuO, and
RuO»-TiO2 nanofibers via electrospinning. They observe that pure RuO> nanofibers suffer from
severe sintering and intergrowth of the fibers, concomitant with a complete loss of the fiber
geometry after 10 hours of the stability test in mild condition (cf. Figure 1.5). Nevertheless,
mixed Ruo.15Ti08502 with the same fiber geometry does not show any degradation and
morphological variation while exhibiting comparable activity under the same conditions [20].
A possible explanation is that the bridging chlorine atoms may be stabilized if the attached Ru
atoms are replaced by Ti [115, 118].



Figure 1.5. Comparison of morphological changes of three different RuO, catalysts under atmospheric
pressure Deacon reaction conditions at 573 K and a reaction feed HCI/O2/Ar = 2:2:6 at a flow rate of 15
mL/min. Left column: model catalysts as prepared (a-c), right column: after reaction (d-f); a, d) RuO, powder;
b, e) Electrospun RuO; nanofibers; ¢, f) Electrospun Rug 15Ti0.8502 mixed oxide nanofibers. Large scale bars
5 pwm, small scale bars in the insets 0.5 pm. Reprinted with permission from reference [20]. Copy right 2013
John Wiley and Sons.

In this context, ruthenium-based catalysts exhibit outstanding activity and durability in HCI
oxidation. Moreover, the mechanisms behind industrial RuO,/SiO»/rutile-TiO, and
RuO2/Sn0O,-AL,0; catalysts have been thoroughly elucidated. Nevertheless, ruthenium-based
systems continue to deal with several complex challenges, one of which is the persisting
stability issue arising from the potential formation of volatile RuO4 at elevated hot-spot
temperatures during the practical conditions. Hence, further optimization of ruthenium-based

catalysts is still required.
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1.4 Motivation

As mentioned in section 1.1.2, there are contradictory reports on the synthesis of the phase pure
Ru-Ti mixed oxides, the solid solution limit/solubility of ruthenium and titanium into each
other’s oxide phase has also not been clarified yet. Besides, it is indicated that the synthesis
method also plays an important role in the final state of the Ru-Ti mixed oxides as well. From
these perspectives, we first prepare the Ru-Ti mixed oxides with varying compositions at full
range by the conventional sol-gel method which is mostly reported in the literature. State-of-
the-art characterization techniques such as N> physisorption experiments, XRD, XPS, TG-MS
and HR-TEM are then applied in order to acquire the structural and electronic changes when
varying the Ru and Ti compositions. Subsequently, we choose the propane oxidation reaction
to explore the potential application of the Ru-Ti mixed oxides in thermal catalysis. According
to the activity results, the relationship between the composition x and the catalytic propane
oxidation activity is obtained. We further examine the hydrogenation behavior over Ru,Ti1xO>
at 250 °C and compare the catalytic propane oxidation activity with that of the corresponding
hydrogenated catalysts. We quantitatively obtain the amount of hydrogen incorporated into the

lattice of Ru,Ti1.xO2 via TG-MS. More details are presented in Chapter 2.1.

Neither RuO: nor rutile-TiO> is able to incorporate hydrogen into the lattice just by hydrogen
exposure at elevated temperatures. RuO: is thermally unstable and will transfer into metal under
hydrogen treatment, while TiO2 is less reducible under hydrogen exposure, unless the
temperature is higher than 600 °C, with the formation of titanium suboxides (T1,02,-1), namely
the Magneli phases. However, the hydrogen incorporation behavior is still under debate for the
Ru-Ti mixed oxides, which a reducible oxide with a (non or) less reducible oxide may possibly
incorporate substantial amounts of hydrogen by the simple exposure to H> at mild temperatures.
Using advanced techniques such as XRD, XPS, aberration-corrected HAADF-STEM, and TG-
MS, we investigate the structural and electronic changes that occur when pretreating the Ru-Ti
mixed oxides under hydrogen/air at elevated temperatures. Additionally, we quantitatively
determine the amount of hydrogen that is incorporated into the lattice. Furthermore, the effect
of hydrogen insertion on the propane oxidation and HCI oxidation reactions was also tested.

More details are presented in Chapter 2.2.
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2. Results and Discussions (Scientific
Publications)

2.1 Publication 1: Hydrogen Incorporation in RuxTiixO2 Mixed
Oxides Promotes Total Oxidation of Propane

This publication is on the synthesis and the characterization of Ru,Ti1.xO2 mixed oxides with
varying the composition x in the range of 0.2 < x < 1. Employing XRD a mixture of RuO»
nanoparticles and Ru-Ti solid solutions can be detected throughout the entire investigated
composition range, while the Ru-Ti solid solutions fulfill the Vegard’s law, thus evidencing
that ruthenium and titanium form a solid solution despite phase separation. XPS reveals that the
Ru satellite features monotonically shift to lower binding energies with lower ruthenium
concentration pointing to a reduced valence electron density. Hydrogen exposure at 250 °C
produces a labile hydrogen species in the mixed oxide lattice, accompanied with the
development of macro- and micro-strain, which may be responsible for the improved catalytic

activity in the propane activity tests.

H. Over and I devised the experimental schedule. I prepared Ru,Ti;.xO> mixed oxides. I
performed XRD, SEM, TG-MS, HR-TEM experiments. T. Weber and L. Glatthaar performed
XPS measurements. P. Timmer, A. Spriewald-Luciano, Y. Wang and I contributed the
construction of propane oxidation apparatus and preliminary data analysis. H. Over, B. M.
Smarsly, Y. Guo and I contributed through scientific discussion of the data. H. Over and I wrote
the draft version of the manuscript. All authors revised the manuscript and have given approval

to the final version.

Reprinted from Wang, W.; Wang, Y.; Timmer, P.; Spriewald-Luciano, A.; Weber, T.; Glatthaar,
L.; Guo, Y.; Smarsly, B. M.; Over, H. Hydrogen Incorporation in RuxTi;xO> Mixed Oxides
Promotes Total Oxidation of Propane. [norganics 2023, 11, 330. https://doi.org/10.3390/
inorganics11080330. Copyright: © 2023 by the authors. Licensee MDPI, Basel, Switzerland.
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Abstract: A rational synthetic approach is introduced to enable hydrogen insertion into oxides by
forming a solid solution of a reducible oxide with a less reducible oxide as exemplified with RuO,
and TiO; (Ru_x, a mixture of x% RuO, with (100—x)% TiO,). Hydrogen exposure at 250 °C to Ru_x
(Ru_x_250R) results in substantial hydrogen incorporation accompanied by lattice strain that in
turn induces pronounced activity variations. Here, we demonstrate that hydrogen incorporation in
mixed oxides promotes the oxidation catalysis of propane combustion with Ru_60_250R being the
catalytically most active catalyst.

Keywords: catalyst promotor; mixed oxides; hydrogenated RuyTij_,Os; propane combustion;
hydrogen-induced variation in the activity

1. Introduction

Strain-induced changes of the catalytic activity of transition metal compounds in
thermal catalysis were predicted by theory [1] and attributed to a shift of the metal d band
center with strain [2], so that strain engineering has been considered a promising way to
tune activity. Strain can be introduced to the catalyst’s material in various ways including
epitaxial film growth [3], doping such as Li insertion [4], alloying —dealloying [5], formation
of core-shell particles [6] and nano-structuring [7]. In fact, strain engineering has turned
out to be an important tool to improve activity in electrocatalysis, most notably for water
electrolysis [8-12]. Quite in contrast, in thermal catalysis strain engineering is less often
encountered [6,7,13,14], due presumably to missing stability of strain-engineered materials
at higher reaction temperatures.

Hydrogenation of the catalyst material might be a convenient way to introduce strain
into the host lattice and thereby tune the activity of a catalyst as long as the catalyst material
is able to incorporate a sufficient amount of hydrogen into the lattice. For instance, Pd-
based catalysts [15,16] were reported to form both absorbed and adsorbed hydrogen that
may play an important role in hydrogenation catalysis. Hydrogen interaction with oxides
is more intricate than with metals [17] since reducible oxides can face stability problems
due to partial or even total reduction up to the metal phase. Exposing hydrogen to oxide
surfaces frequently forms surface hydroxyl groups, but it can also incorporate hydrogen
into the bulk oxide. Hydrogen exposure to CeO;, was reported to form of hydride species
H™ in bulk CeO» [18-22], a process that is facilitated by oxygen vacancies. The formation
of hydride species H™ in CeO; may explain its remarkable catalytic performance in the
partial hydrogenation of alkynes to alkenes [23-25].

Recently, we reported that Hy exposure at 250 °C to mixed Rup3Tig7O- is able to
incorporate about 20 mol% hydrogen into the rutile lattice, thereby altering slightly the
lattice parameters [26]. This was considered a remarkable finding since RuQO; is not stable

Inorganics 2023, 11, 330. https:/ /doi.org/10.3390/inorganics11080330
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under such conditions and transforms readily to metallic Ru, while TiO; is not able to
incorporate hydrogen into the lattice, at least not at 250 °C. Hydrogenation of Rug3Tip. 702
was shown to increase substantially the catalytic oxidation activity in the total oxidation of
propane and HCl oxidation reaction.

In the present study, we systematically vary the composition x of the mixed oxide
Ruy Tij Oy (Ru_x). For various compositions ranging from x = 0.2 to x = 1.0 in steps of
0.1, we explore the hydrogenation behavior at 250 °C and compare the catalytic activity of
RuyTij O with that of the corresponding hydrogenated catalysts in the total oxidation
of propane. Without hydrogen treatment, Ru_x reveals a strict composition—activity
correlation of activity in that the higher the Ru concentration the higher the activity;
highest activity is achieved with Ru_100. However, when treating Ru_x with hydrogen
at 250 °C for 3 h (Ru_x_250R), the highest activity is encountered for compositions where
both Ru and Ti have similar concentrations. Ru_60_250R turns out to be the most active
propane combustion catalyst exceeding even the activity of Ru_100. The hydrogen-induced
activity variation is tentatively attributed to hydrogen-induced strain in the mixed oxide
RuyTi7_Oa.

2. Experimental Results
2.1. Characterization of the Fresh Ruthenium—Titanium Mixed Oxide Samples

Figure la summarizes the X-ray diffraction (XRD) patterns of freshly prepared rutheni-
um-—titanium mixed oxide catalysts Ru_x with different nominal Ru concentrations, x; the
diffraction pattern of pure commercial rutile-TiO, is overlaid for comparison reasons. The
XRD pattern of Ru_100 contains reflections from both a rutile structure and metallic Ru
(hep structure). With the addition of titanium to RuQO;, the rutile structure is preserved, and
the (110) and the (101) reflections continuously shift towards the reflection of pure rutile
TiO,. Above a Ti concentration of 20 mol% no reflections from metallic Ru are discernible.
In addition, the rutile related diffraction peaks split into two components with increasing
Ti concentration.

Rutile (110) Rutile (101)  LaB, b) Rutile (110) Rutile (101)
. 3 i
Ru_20)|
Ru30| r-Ti0, 250R
2 = - 2
w——/LJ L——JEI\M—*M-I 5: Ru_20_250R R:,u R?" R
AN e Wt A RS0 > Ru_30_250R 3 -
o N A 2050 g J\ Ru_40 250R /"
I\ A s RuT0 O ___f Ru_50_250R
/\ l A Ru Re Rupy gl S |\ Ru_60_250R
=} T [ A _Ru_70250R
] A | Ru_80_250R
i 1 ! __.L-._/\-x_._ng&“-_‘m T 90 2508
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Figure 1. (a) X-ray diffraction (XRD) patterns of the ruthenium—titanium mixed oxide catalysts Ru_x;
the composition x of Ru ranges from 20 mol% to 100 mol%. Dashed lines indicate the position of pure
rutile-TiO; and RuOs. (b) XRD patterns of Ru_x_250R catalysts treated in 4 vol% H, /N> at 250 °C
for various compositions x ranging from 20% to 100%.

The sharp reflections at 28.02° from rutile (110) and 35.07° from rutile (101) do not
vary with the Ti concentration and therefore are assigned to the pure RuO; phase. The
position of the broader component in XRD shifts continuously towards rutile TiO, and
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is hence ascribed to solid solution RuyTi; _xO;. The coexistence of pure RuO; and mixed
RuxTi1_xO7 in a wide range of compositions evidences a miscibility gap consistent with
previous findings based on a similar polymer-assisted preparation method [27] and in
agreement with a recent DFT study [28].

In Figure S1, we present the peak deconvolution of the rutile (110) reflection and that
of the (101) reflection. For high Ru-content samples like Ru_90, Ru_80 and Ru_70, the
(110)/(101) peaks are found to be asymmetric, which clearly points toward a phase separa-
tion. For low Ru-content samples this phase separation is pronounced, with two separated
reflections corresponding to the RuO; phase and RuyTi; 0> oxide phase, respectively.
Therefore, we assume that a pure RuO; phase exists in the full composition range of Ru-Ti
mixed oxides. In the decomposition of the diffraction patterns, we fix the peak position of
pure RuQ; and assume that the mixed RuxTi;_xO; oxide phase crystallizes in the rutile
structure. As a main result of the decomposition, the peak position of Ru-Ti solid solution
turns out to linearly shift to lower angles with the increasing Ti concentration (cf. Figure S2),
in accordance with Vegard’s law [29]. The deconvolution analysis in the present study
emphasizes that the prepared samples are not phase pure but facing a miscibility gap.

Together with the analysis of the rutile (101) reflection, we can derive the unit cell
parameters a/b and ¢ of the mixed oxide RuxTi1_,O> as a function of the composition x that
are summarized in Figure 2. The linear shift in a/b and ¢ with the nominal composition
indicates the fulfillment of Vegard’s law, thus corroborating the formation of a solid solution
RuxTi1_xO» with nominal composition x. Besides, the calculated unit cell volumes for the
Ru_x samples (cf. Figure 53) do not vary significantly with the nominal composition x. Note
that phase separation becomes more severe for the Ru_20 sample with its solid solution
phase starting to deviate from Vegard’s law.

312
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W & ™ z
E4.54 o -3.00 £
-7 =
& :
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mol% Ruthenium in Ru-Ti mixed oxide (%)

Figure 2. Lattice parameters of rutile Ti; ,RuyO; solid solution as a function of the nominal compo-
sition x given in mol%, as derived from the peak deconvolution of rutile (110) and rutile (101).

As seen from Figure S1, the FWHM of the RuO» peak decreases, while that of the mixed
oxide increases with Ti concentration. Utilizing the Scherrer equation, this observation
translates to an increase of the crystallite size of RuO,, while that of the mixed oxide
decreases with increasing Ti concentration (until 50% Ti) (cf. Table 1). In order to consider
also the micro-strain in the calculation of the crystallite size, we use the Williamson—Hall
method [30], whose results are summarized in Figure 54 and Table 51; the Williamson—Hall
plots of RuQO; and the Ru-Ti solid solution phase are exempljfied for the Ru_60 sample
shown in Figure 55. Since the micro-strain values Ae (<0.004) of the powder materials are
relatively low compared to those described in the literature [31], the values derived from
the Scherrer equation are practically not affected by the micro-strain.
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Table 1. XRD derived data of Ru-Ti mixed oxide catalysts.

Catalysts

Cell Parameter a/b

(nm) *

Cell Parameter ¢

(nm) *

Grain Size (RuO»)

(nm) ©

Grain Size
(Ru-Ti) (nm) °

Ru-Ti/(RuO; +
Ru-Ti) (%) ¥

Ru_100
Ru_90
Ru_80
Ru_70
Ru_60
Ru_50
Ru_40
Ru_30
Ru_20

4.500
4.509
4.519
4.528
4.538
4.548
4.558
4.572
4.591

3.107
3.094
3.082
3.068
3.053
3.035
3.022
3.006
2.977

18+05
27 41
3205
33+1
36+1
46+ 8
45+ 6
43+5
28+6

25 42
15+ 03
12+0.2
10+ 05
95 (1.5
10 £ 0.5
1242
1l6+1

0
81.2
89.9
90.9
93.7
96.4
88.8
81.9
92.5

a: Calculated by rutile (110) reflection of the Ru-Ti solid solution phase. b: Calculated based on obtained a/b
value and rutile (101)/(101) reflections of the Ru-Ti solid solution phase. ¢: Determined by Scherrer equation from
the (110)/(101) reflections of the RuO; phase after peak deconvolution. d: Determined by peak deconvolution of
the (110)/(101) reflections.

From XRD we gain the following structural information of the Ru-Ti mixed oxides:
RuO; nanoparticles and Ru-Ti solid solutions co-exist throughout the entire composition
range, while metallic ruthenium is eliminated when more than 20 mol% titanium is incor-
porated. The Ru-Ti solid solutions fulfill Vegard’s law, thus evidencing that ruthenium and
titanium form a solid solution despite phase separation.

While XRD is a bulk characterization method, X-ray photoelectron spectroscopy
(XPS) can determine the surface/near-surface compositions of Ru_x catalysts with varying
nominal x values (as presented in Figure S6, fitting parameters are compiled in Table S2).
From the Ru 3d XP spectra, Ti-rich samples (Ru_40, Ru_30 and Ru_20) show a weak peak at
~288.0 eV whose origin may be attributed to the formed carbonates (O=C=0) from exposure
to air or from residual carbon of preparation. It is evident that ruthenium is in the Ru**
oxidation state in each sample Ru_x; this assignment is corroborated by the pronounced
satellite features [32]. No metallic ruthenium is detected on the catalyst surface, proving
that the metallic ruthenium species (see in Figure 1a) is encapsulated by the oxide. Buried
metallic ruthenium is not expected to participate in the catalytic reaction.

Additionally, the binding energies of Ru3ds;; and Ru3d3/; do not vary with the
composition, while, surprisingly, the Ru satellite features monotonically shift to lower
binding energies with lower ruthenium concentration (see in Figure 3), from 282.69 eV for
Ru_100 to 282.34 eV for Ru_30. As the satellite feature is attributed to surface plasmon
excitation [33], this shift is correlated to a reduced valence electron density in RuyxTij_O5.

a) Ru 3d 5/2 sat

282.7 4

282.6

282.5

282.4

Binding energy (eV)

o

465.4
» b)

465.2 4

Ru 3p 3/2 sat

465.0- e

464.8 1

®
Binding energy (eV)

464.6 1 *

464.4?,.»--'

O.,-

2823 T
20

mol% Ruthenium in Ru-Ti mixed oxide (%)

40

60 80 100 20 40 60 80 100

mol% Ruthenium in Ru-Ti mixed oxide (%)

Figure 3. Shift of binding energies of (a) Ru 3d satellite features. (b) Ru 3p satellite features derived
from peak deconvolution of XPS data when varying the composition x of Ru_x.
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The O 1s spectrum in Figure S7 depicts two chemical states of near surface oxygen:
one is the 0>~ from the lattice oxygen at ~529 eV, and the other, a shoulder peak at higher
binding energy (around 531.8 eV), which is ascribed to the surface OH groups/oxygenated
carbon [34]. The integral ratio of OH to the entire surface oxygen is continuously decreasing
on lowering the ruthenium concentration, from 39.30% (for Ru_100) to 2.50% (for Ru_50),
thus indicating that the incorporation of titanium reduces greatly the amount of surface
OH on the catalyst surface.

Since the Ru 3p and Ti 2p XPS features are in the same binding energy region, the
surface composition of ruthenium and titanium can be quantified by peak deconvolution.
As presented in Table S2 and Figure S8, the Ru 3p region also exhibits satellite features,
which behave identically to those in the Ru 3d region; the shifts to lower binding energy
further evidence that doping of titanium leads to lower electron density. As compiled in
Table 2, the actual surface concentrations deviate quite substantially above a nominal Ru
concentration of 60%, while below 50 mol% Ru the surface composition agrees well with
the nominal composition.

Table 2. Compositional information from the surface and bulk region of ruthenium — titanium mixed
oxide catalysts.

Catalysts

Ru_100
Ru_90
Ru_80
Ru_70
Ru_60
Ru_50
Ru_40
Ru_30
Ru_20

Ru_60_250R

(OH + Oxygenated

Sger (m2/g) Ru/(Ti + Ru}mol%) *  Ru/(Ti + Ru)(mol%) ¥ Carbon)/O 1 Total *
9 100 100 39.90
6 89.3 70.65 14.67
10 78.8 59.81 5.42
14 68.1 60.53 4.85
19 56.7 54.4 442
26 468 47.74 2.50
32 409 37.96 4.69
31 30,0 29.08 3.38
34 174 17.61 411
19 56.2 5212 443

a: Calculated from SEM-EDS mapping. b: Calculated from XPS.

From these XPS results one may ask whether this deviation of the surface composition
from the nominal ones originates from an insufficient control of the composition during
synthesis. In order to settle this question, we applied dispersive X-ray spectroscopy (EDS)-
scanning electron microscopy (SEM) to gain compositional information of all samples.
Since the detection depth from EDS reaches several micrometers, we can consider it as a
bulk characterization method. The average composition quantified by EDS summarized
in Table 2 indicates that, in the full range (20 < x < 100), our synthesized catalysts agree
well with the nominal compositions x, thus excluding the possibilities that the deviation of
surface concentration is caused by uncertainties in the synthesis procedure.

Besides, with SEM and TEM we also investigate the morphologies of our catalysts.
The Ru_100, SEM images in Figure S9 reveal a dense and rough surface with additional
macropores, round small particles agglomerate like a sponge. The particle size gradually
becomes smaller with increasing titanium concentration until 1 — x = 50%. This is in
agreement with the crystallite size derived from XRD data, indicating that a proper amount
of titanium will efficiently decrease the crystallite size of Ru-Ti mixed oxides. Moreover,
TEM micrographs confirm that the particle size of mixed oxides decreases with the ad-
dition of titanium. Table 2 summarizes also the Krypton physisorption experiments of
all as-prepared samples. The Brunauer—Emmett—Teller (BET) surface area varies quite
substantially, changing from 9 m? /g (for Ru_100) to 34 m?/g (for Ru_20).

2.2. Hydrogen-Induced Changes of Ruthenium—Titanium Mixed Oxides

We focus on the hydrogen-induced change of the Ru_x samples. The hydrogen
treatment consists of an exposure of 4% Hj, /N for 3 h at 250 °C. The specific reduction
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temperature of 250 °C has been shown to result in a large hydrogen uptake for the case
of Ru_30 [26]. As shown in Figure 1b, Ru_00, e.g., pure rutile-TiO, is not affected by this
hydrogen treatment, while Ru_100 is fully transformed to metallic Ru phase, consistent
with our previous study [26].

The diffraction peak of RuQO; at 20 = 28.02° disappears in Figure 1b when exposed
to 4% Hy/Njy at 250 °C, while the intensity of Ru metal-related diffraction increases. As
expected, the metallic Ru diffraction intensity is higher the higher is the Ru content x of
Ru_x. This means that the RuO; particles are easily reduced to metallic ruthenium at a
temperature of 250 °C, consistent with previously published studies [35,36].

Quite in contrast, the rutile diffraction peaks of the mixed oxide phases (110) and (101)
persist and shift only in position to the lower and higher angles, respectively, upon exposure
to 4% Hy /N> at 250 °C. The degree of peak shift depends on the Ru concentration. Close to
50 mol% Ru, the observed shift is the highest. Actually, the shifted diffraction peak of rutile
consists of two components, most likely evidencing different hydrogen concentrations in
the mixed oxide crystallites. The bulk composition of Ru_x (cf. Table 2) does not change
when exposed to H; at 250 °C (Ru_x_250R). As discussed recently [26], these shifts of
the reflections are caused by the incorporation of hydrogen and not by reduction of the
metal ions.

The Ru_x_250R samples are subsequently subject to a mild re-oxidation treatment
that is conducted at 300 °C and the XRD patterns are presented in Figure S10a, and the
changes of macrostrain (position) and micro-strain (FWHM) among the initial, reduced
and re-oxidized samples as exemplified by Ru_20, Ru_40, Ru_60 and Ru_80 are compiled
in Figure S10b. The rutile structure of Ru_x is restored after re-oxidation treatment, while
most but not all of the metallic Ru transforms back to RuQO». For the case of Ru_30_250R, it
was shown that full recovery of Ru_30 requires oxidation temperatures of 400 °C [26].

With thermogravimetric-mass spectrometry (TG-MS) the amount of incorporated
hydrogen can be quantified by the integrated water signal that is produced by reacting
incorporated hydrogen with oxygen during heating of the sample in ambient air. We
exemplify this experiment with Ru_60_250R since the catalytic activity of this sample
is thoroughly tested. A nitrogen-treated Ru_60_250N sample serves as reference. As
summarized in Figure 4, a small mass signal for HyO (m/z = 18) is evident at 80 °C
for Ru_60_250N, while, for Ru_60_250R, a broad and strong water signal appears. This
water peak of Ru_60_250R contains actually two components, one is associated with water
desorption (90 °C) and the other is related to the oxidation of incorporated hydrogen
(maximum at 160 °C). Employing a deconvolution procedure, as indicated in Figure 4, the
molar fraction of inserted hydrogen is determined to be 35 mol% based on the integrated
water difference area of Ru_60_250R and Ru_60_250N. Recently, the molar fraction of
inserted hydrogen for Ru_30_250R was found to be 18 mol% [26]. Another hydrogenation
experiment for Ru_40_250R (reference Ru_40_250N) is shown in Figure 511 and yields
23 mol% of inserted hydrogen in Ru_40_250R. Given that Ru_100 and pure TiO; rutile
cannot incorporate any hydrogen, the obtained amount of incorporated hydrogen among
different Ru_x_250R catalysts (Figure $12) reveals a “volcano” type of the H-fraction with
the increase of the Ru concentration in the Ru-Ti mixed oxides. The maximum amount of
incorporated hydrogen is encountered at the Ru concentration of 60%.

Figure 5 compares the Ru3d XP spectrum of Ru_60 with those of the hydrogen-treated
Ru_60_250R sample and the re-oxidized one, Ru_60_250R_3000. Three Ru components,
namely metallic Ru, Ru**, and the satellite of Ru** and two carbon species are considered
to fit the spectra. The Ru_60 sample reveals only the Ru** component (red) together with
the corresponding satellite feature (blue), consistent with the corresponding XRD (pattern
Figure 1a) that is composed only of diffraction peaks of the mixed oxide RuggTip4O02
and pure RuO;. Upon hydrogen exposure at 250 °C, a strong metallic Ru peak becomes
apparent in the Ru 3d spectrum. The metallic Ru component comes from the reduction
of RuO; towards metallic Ru, as indicated by XRD, while the Ru** component originates
from Ru in Rug ¢ Tip 4O5. Upon re-oxidation of Ru_60_250R at 300 °C (Ru_60_250R_3000),
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most of metallic component transforms back to Ru**. We conclude from these experiments
that the Ru®* oxidation state Rug ¢ Tig4O5 is preserved, regardless of the applied treatment
(hydrogenation, re-oxidation).

200

150

100

T'emperature (°C)

F T T T 0
0 400 800 1200 1600

Time on stream (s)

Figure 4. Peak deconvolution of H,O signal (m/z = 18) of Ru_60_250R and Ru_60_250N from TG-MS
analysis.
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Figure 5. XP spectra of Ru_60 (a) in comparison with hydrogen treated sample at 250 °C.
(b) Ru_60_250R and re-oxidized sample at 300 °C. (c¢) Ru_60_250R_3000. Using the CasaXPS software,
the Ru3d spectra are decomposed into five components: Ru** (red), satellite Ru** (blue), metallic Ru
(green) and two Cls species.

Hydrogen reduction of Ru from RuggTip 405 can, however, be excluded for the follow-
ing reasons. The reduction treatment at 250 °C preserves the rutile structure, albeit with
low intensity (cf. Figure 6). Upon re-oxidation at 450 °C (Ru_60_250R_4500), however, the
rutile diffraction peaks of Ru_60 are practically restored. In particular, rutile diffraction
peaks shift back to those positions of Ru_60 (with identical intensity), thus evidencing that
the mol% of Ru in the mixed rutile structure has been preserved (Vegard's law).

From HRTEM and element mapping (cf. Figure S13), it is evident that Ru_60 and
Ru_60_250R consist mainly of mixed RuxTij—xO2 oxide whose composition has not changed.
For Ru_60 larger RuQ, particles are discernible.

In addition to the Ru 3d spectra (cf. Figure 5), Ti 2p XP spectra are compiled in
Figure 514 for Ru_60, the hydrogen treated Ru_60_250R sample and the re-oxidized one,
Ru_60_250R_3000. All Ti 2p spectra show only Ti**, and there is no indication of Ti**. The
overall near-surface composition of Ru_60_250R is collected in Table 2. Corresponding
Ols spectra in Figure 515 exhibit two components, one related to 0O? and the other
assigned to OH/carbonate species. The OH/carbonate feature does not vary when Ru_60
is exposed to hydrogen or is re-oxidized, suggesting that incorporated H does not change
the concentration of OH species or carbonate species.
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Figure 6. XRD patterns of Ru_60_250R mildly re-oxidized at various temperatures in air. For
comparison, Ru_60 and Ru_60_250R are also included.

From all these experiments we infer that the reduction process results in the incorpo-
ration of hydrogen within in the mixed oxide and both Ru and Ti in the mixed Ru-Ti oxide
phase remain in the 4+ oxidation state.

2.3. Catalytic Tests: Propane Combustion

In the following, we conducted catalytic tests of Ru_x and Ru_x_250R for the total
oxidation of propane, serving here as a model reaction. The full set of light-off curves is
presented in the ESI (cf. Figure S16a,b). Except for Ru_100, the hydrogenated Ru_x_250R
sample is more active than Ru_x. The temperature differences for Ty is collected in Figure
S16c¢ (Tyg is the temperature where 90% conversion is realized). From these conversion
data, one can recognize that the Ru_x with x close to 60% exhibits highest activity after
hydrogenation, that is even higher than that of Ru_100.

In Figure 7 we exemplify light-off curves for propane combustion of Ru_60, Ru100
and Ru_20 before and after hydrogenation. Ru_100 reveals the highest activity among the
non-hydrogenated samples with Tgg = 182 °C. Upon hydrogenation, the light-off curve of
Ru_100_250R shifts to higher temperatures (Tgg = 194 °C). Ru_20 is significantly less active
than Ru_100; Tgp = 231 °C; upon hydrogenation, Ty decreases to 211 °C for Ru_20_250R.
Ru_60 reaches 90% conversion at 203 °C, while 90% conversion is achieved at 168 °C for
Ru_60_250R, i.e., 35 °C lower than for Ru_20 and even 14 °C lower than that for Ru_100.

Since the inserted H in RuxTi; «O is a labile species that leaves the sample already
at about 100 °C by water formation under ambient atmosphere [26], we performed an
additional experiment, where the Ru_60 sample is in situ hydrogenated at 250 °C in the
reactor; this procedure allows us to keep the hydrogenation level high in the mixed oxide
sample Ru_60. For the catalytic test of propane oxidation, we choose a reaction temperature
of 150 °C to avoid full conversion (cf. Figure 8).

Figure 8 indicates that the activity of Ru_60_250R at 150 °C in the first cycle is quite
high with a STY value of 5.2 molco,) ‘kg(fclat) 17!, and it declines in the second cycle to
(}l\t) ‘h~! likely due to the removal of incorporated hydrogen [26]. Conduct-
ing an in situ hydrogen treatment at 250 °C of Ru_60_250R leads to a re-activation of the

catalyst with a steady state STY of 6.1 mol(cq,) -kg(_clal) 7! that is even higher than the

2.4molico,) kg

initial activity during the first cycle. Hydrogen exposure at higher temperature will lead to
lower activity of the Ru_60_400R sample (STY = 3.1 mol(coz) 'kg(C]at) S (cof. Figure S17).
After in situ hydrogen treatment at 150 °C, Ru_60_400R is reactivated with a higher STY
value of 4.7 mol(coz) -kg(éat) -h™", that is lower than that of Ru_60_250R (cf. Figure 517).
Altogether, hydrogen treatment at 250 °C seems to optimize the promotional effect of

hydrogen in the total oxidation of propane.
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Figure 7. Selection of full conversion curves of catalytic propane combustion over Ru_x and
Ru_x_250R (x = 100%, 60% and 20%) as a function of reaction temperature, when cycling the reaction

temperature from 30 °C to 250 °C. The full set of conversion curves can be found in Figure S16.
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Figure 8. STY as a function of reaction time on catalytic propane oxidation over Ru_60_250R when
cycling the reaction temperature from 30 °C to 150 °C (blue dotted line). The gray background
represents total C3Hg oxidation conditions: 1 vol% C3Hg, 5 vol% O, balanced by Nj; total volume
flow: 100 sccm /min, temperature ramp: 1 K/min. The green background represents the gas mixture
during heating and cooling stage: 4% Hj/Ar, total volume flow: 50 sccm/min. When reaching
150 °C, the gas composition is switched to the reaction mixture (gray background).

3. Discussion
3.1. Formation of Ru_x and Ru_x_250R

A mixed ruthenium-titanium oxide material with nominal varying concentration x
of Ru (Ru_x) is successfully prepared by a conventional sol-gel method. Below x = 70%,
Ru_x consists of pure RuO; and a mixed oxide RuxTi;_,O;. For higher concentration of Ru,
in addition, a metallic Ru is formed. The metallic Ru phase is caused by the preparation
method. For sol-gel synthesis, O, cannot penetrate into the polymer network when metal
cations nucleate during the calcination stage, thus causing a net reducing environment for
the growing particle where the metal cations Ru3* is reduced to Ru [34]. From EDS-SEM
and XPS, the bulk and surface compositions for x < 50% are similar and close to the nominal
composition of Ru_x, while for x > 50%, the surface composition of Ru is significantly lower

than the bulk concentration.
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For Ru_x we see a clear linear correlation of the lattice parameters of RuyTi; O, with
the composition x of ruthenium. The cell parameters a/b of RuO; are smaller than those of
TiO, while the ¢ value of RuO; is larger than that of TiOs, therefore for a mixed oxide, a/b
and ¢ cell parameters of the Ru-Ti phase indicate an “anti-symbatic” behavior (Figure 2).
In addition, there is a clear linear correlation of the binding energy of the satellite peak in
Ru3d with the composition x of ruthenium. (cf. Figure 3) With increasing Ru concentration,
the energy of the surface plasmon increases, consistent with the surface plasmon energy
being expected to increase in energy with increasing electron density [33].

From XPS, we conclude that both Ti and Ru in Ru_x for x < 70% are in the 4+ oxidation
state independent of the composition x. Metallic Ru, if present, is buried, as evidenced by
XPS, and does therefore not participate in the catalytic reaction.

Hydrogen exposure to Ru_x at 250 °C (Ru_x_250R) leads to hydrogen incorporation
in Ru_x for Ru concentration x = 20% up to 80%. (cf. Figure 1) The extremes Ru_00 (e.g.,
pure rutile-TiO,) and Ru_100 are not able to incorporate hydrogen: TiO; is not affected
at all by hydrogenation at 250 °C, as reduction to Magneli phases requires much higher
temperatures [37,38]. Ru_100 is completely transformed to metallic Ru, and with increasing
Ru concentration, more metallic Ru is formed upon hydrogen exposure at 250 °C. However,
18, 23 and 35mol% of hydrogen are inserted in Ru_30_250R [26], Ru_40_250R, (Figure S511)
and R_60_250R, (Figure 4), respectively. From Ru 3d XPS data, there is no indication of an
oxidation state of ruthenium other than Ru® and Ru**. The rutile structure of mixed oxide
RuxTi1 Oz is maintained upon Hj exposure at 250 °C, suggesting that the Ru** can be
preserved in rutile structure when mixed with less reducible TiO,. Therefore, the peak shifts
in XRD (Figure 1b) after reduction treatment are caused by the incorporation of hydrogen
in the rutile structure and not by the reduction of the metal ions, which is consistent with
literature [26]. The only change observed for mixed RuxTi; xO; is a hydrogen-induced
shift in the lattice parameters (cf. Figure 2), i.e., the introduction of hydrogen-induced strain
into the mixed oxide lattice. Hydrogen absorption in mixed oxide RuxTi; xO manifests
therefore a synergy effect in that Ru enables the activation of Hy while Ti stabilizes Ru**
against reduction to metallic Ru.

The possible types of inserted hydrogen could be proton, neutral H or hydride H™
species. Based on the XPS data, there are no changes in the oxidation states of Ru** and
Ti*t in the rutile phase (as shown in Figure 5 and Figures 514 and S15). Moreover, from the
O 1s spectrum, there is no obvious increase of the OH-related signals, so that we exclude
the existence of protons and neutral H in the mixed oxide lattice. Instead, we favor that the
incorporated hydrogen is a hydride species H™¢, which is reconciled with the energetic shift
of the Ru satellite peak in the Ru3d spectrum and that is correlated with a reduced electron
density for exciting the surface plasmon. Obviously, some of the delocalized electrons are
localized at H~.

Ru_60 can almost be recovered from Ru_60_250R by mild re-oxidation at 450 °C.
Re-oxidation at 100 °C starts to remove H-induced changes in strain, both macro- and
micro-strain, as reflected by changes in diffraction peak position and FWHM. This behavior
was also observed in a previous study of Ru_30, and it was traced to the removal of
absorbed hydrogen via water formation [26].

3.2. Improved Oxidation Catalysis of Ru_x_250R in Comparison to Ru_x

The light-off curves of Ru_x and hydrogen inserted Ru_x catalysts are measured for
the total oxidation of propane (cf. Figure 7 and Figure 516). These experiments provide
compelling evidence that H insertion is beneficial for the oxidation catalysis of propane,
with the optimum catalyst being identified with Ru_60_250R. For Ru_100, hydrogenation
at 250 °C leads to lower propane combustion activity.

Hydrogen exposure at 250 °C produces a labile hydrogen species in the mixed oxide
lattice that can readily be removed by increasing the temperature in the ambient atmosphere
(cf. Figure 6). Already a mild re-oxidation at 100 °C restores part of the hydrogen-induced
strain in the mixed oxide. From activity experiments in Figure 8, we can conclude that
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hydrogen is lost during temperature ramping in the first cycle, although the catalyst runs
stably at the final reaction temperature of 150 °C. In order to stabilize inserted H during
reaction, the surface needs to be continuously supplied by hydrogen from propane activa-
tion. Propane dissociation is activated and needs a temperature of at least 100 °C [39,40].
Therefore, during the heating and cooling ramp in the temperature window of 50-100 °C,
the catalyst is exposed to a reaction mixture that is not able to supply the surface with
hydrogen. The temperature range of 50-100 “C is, however, high enough to consume
inserted hydrogen by water formation due to oxygen in the feed. From this discussion, it is
clear that higher activities are expected when the Ru_60_250R catalyst is in situ hydrogen-
treated in the reactor during temperature ramping. The activity of propane oxidation (cf.
Figure 8) is indeed significantly higher and stable when the catalyst is heated under a
hydrogen atmosphere first to the specific reaction temperature and then the gas atmosphere
is switched to the actual reaction mixtures. Propane decomposition at high temperature can
supply the catalyst surface constantly with hydrogen. Therefore, dissolved hydrogen does
not experience a driving force to diffuse towards the surface, thus stabilizing the inserted
hydrogen in the lattice of the mixed oxide.

We can safely assume that inserted hydrogen does not take place in the catalytic cycle,
since we focus here only on the catalytic propane oxidation reaction. The incorporated
hydrogen stabilized by the presence of hydrogen at the surface is, however, the key factor
to promote the oxidation catalysis. We expect, however, that for catalytic hydrogenation
reaction, the beneficial effect of inserted H may be even more pronounced since inserted
hydrogen is able participate in the catalytic cycle.

Hydrogen incorporation is accompanied by the development of macro- and micro-
strain of Ru_x, as evidenced by the shift and broadening of the rutile diffraction maxima
in the powder XRD (cf. Figure 1), while, after mild re-oxidation at 300 °C, the macro- and
micro-strain of Ru_x_250R is largely removed, as reflected by the recovery of the peak
position and FWHM (cf. Figure S10). Whether H insertion itself or the induced changes of
lattice parameters leads to electronic modifications cannot be disentangled at this point and
needs to be scrutinized by future ab initio studies. In any case, the electronic structure is
affected by H insertion, as corroborated in the observed binding energy shift of the satellite
feature in Ru3d (cf. Figure 3). The increased activity can therefore be related to the altered
electronic structure of RuyTij_Os. A direct correlation of strain with activity is, however,
not evident for Ru_x_250R and needs further studies.

4. Materials and Methods
4.1. Materials

Ruthenium (IM) trichloride hydrate (RuCls-xH>0O, Ruthenium content: 40.00-49.00%,
ReagentPlus®), anhydrous citric acid (C¢HgO7, >99.5%), ammonia solution (NH4OH, 25%)
and titanium butoxide (Cy5Hz604Ti, 97%) are purchased from Sigma-Aldrich (St. Louis,
MO, USA) and used without further purification.

4.2. Catalysts Preparation

Ru-Ti mixed oxide materials with varying compositions are prepared by a conven-
tional citric acid assisted sol-gel method (cf. Figure 9) and are denoted as Ru_x, where x
represents the nominal molar percentage of ruthenium varying from 20% to 100%. For the
procedural synthesis of Ru_60: 0.024 mol citric acid (anhydrous) is dissolved into 50 mL
deionized water, and the solution is stirred and kept at 60 °C. Then, 5 mL anhydrous
ethanol containing 0.8 mmol titanium butoxide is quickly injected into the citric acid solu-
tion. After thorough mixing, 0.0012 mol RuCls-xH,0O is added to the solution and stirred
for another 30 min at 60 °C. The full complexation of the ruthenium and titanium cations is
accomplished by slowly heating the mixture to 80 °C, afterwards, the aqueous ammonia
solution of 2 mol/L is added dropwise to adjust the pH of the solution to ~6. Finally, the
dark brown but transparent solution is evaporated at 90 °C and the obtained dark green
gel is dried at 120 °C for 12 h. Subsequently, the dark foamy material is carefully ground
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before calcination at 450 °C for 4 h in static air at 2 °C/min, and the product is ground
again for further catalytic tests and characterizations. Note that, contrary to the commonly
used version of the Pechini method, here, no glycol is added. The preparation of the other
Ru_x catalysts follows the same procedure but adjusting the molar ratio of the ruthenium
and titanium precursors.

RuCl, xH,0 ’/f
Ti(OC H,), o 2

o
CitricAcid e ”oﬁ
e Ti' e

& %
Chelation o %% Py oAb Evaporation
e HO' OH & % —>

0
" Tee Ru't 7o Drying

o

é.\o(\ Xerogel

G&j“‘/

Figure 9. lllustration of the citric acid assisted sol-gel method to prepare mixed oxides of RuO; and
TiO; with varying concentration x of Ru: Ru_x.

Hydrogen insertion experiments are performed as follows: 50 mg of fresh Ru_x
powder material is treated at various temperatures under 4 vol% Hp /N for 3 h, the total
flow rate being set to 50 sccm/min. After hydrogen treatment, the catalyst is cooled down
to room temperature under the same atmosphere. The obtained catalyst is referred to as
Ru_x_yR, where x represents the nominal molar percentage of ruthenium, y represents the
reduction temperature. The re-oxidation experiment follows the same procedure while the
gas atmosphere is changed to dry air. The catalyst is now denoted as Ru_x_yR_z0O, where
z stands for the re-oxidation temperature. For comparison, a blank experiment is also
conducted by calcining the Ru_x under pure N3 and the catalyst is referred to as Ru_x_yN.

4.3. Catalysts Characterization

Powder XRD patterns are recorded on a Panalytical Empyrean diffractometer (Malvern,
UK) equipped with a Cu K radiation (40 kV, 40 mA). The correction of the 26 shift that
may originate from different positions of the sample holder is assisted by mixing LaBs
standard powder (NIST) with all the catalysts before measurement. The Scherrer equation
is applied to calculate the crystallite size.

Kr physisorption experiments are performed at T = 77 K with an Autosorb 6 instrument
(Quantachrome, Ostfildern, Germany), all the catalysts are pre-treated in vacuum for 12 h at
100 °C. The specific surface area is calculated by the BET method. Note that we deliberately
used Kr, instead of nitrogen or argon, because the materials we anticipated to exhibit small
surface areas, and Kr has a higher sensitivity in this respect.

Scanning transmission electron microscopy (STEM) micrographs are recorded on a
ThermoFisher Talos F200X electron microscope (Waltham, MA, USA). SEM images are
obtained on a Gemini SEM 560 instrument (Carl Zeiss Microlmaging GmbH, Géttingen,
Germany). The average composition of the catalyst is quantified by energy dispersive X-ray
spectroscopy (EDS).

XPS spectra are acquired on a PHI VersaProbe II instrument (Feldkirchen, Germany)
equipped with a monochromatized Al-K« line, the photon energy is 1486.6 eV. XPS spec-
trum data analysis is performed by using a CasaXPS software (Version 2.3.17), and the
standard Carbon 1s (at 284.8 eV) is used to re-determine all the binding energy. After
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calcination, the Ru_x samples do not show any residual chlorine in the XP overview
spectra.

A TG-MS experiment is conducted on a STA 409PC thermoscale (Netzsch, Selb, Ger-
many) analyzer coupled with a QMG421 quadrupole mass spectrometer (MS) from Balzers
(Balzers, Liechtenstein) with an ionization energy of 70 eV. The catalyst is heated under
dry air (30 sccm/min) from 25 to 500 °C, while the heating rate is 10 °C/min. The de-
tailed procedure for calculating the amount of inserted hydrogen is as follows: dry air is
applied (30 mL/min) during the TG-MS experiment. Since the flow rate/MS signal of N
is constant in air (78.1%), we can use the concentration of N as reference to obtain the
flow rate of H>O (gaseous) by dividing the MS signal of H;O by N». After having the ratio
of HoO/Ny, the total HyO volume is determined by integration, from which the molar
amount of produced H,O and hence the molar amount of inserted hydrogen are derived;
note the sample storage conditions of Ru_x_250R and Ru_x_250N are identical to guarantee
accurate data processing.

4.4. Catalytic Tests

The catalytic performance of propane oxidation on the mixed Ru-Ti oxide catalysts is
evaluated in a home-made quartz reactor (inner diameter = 6 mm). The feed gas contains
1 vol.% C3Hs (purity: 3.5), 5 vol.% O, (purity: 4.8) and 94 vol.% N (purity: 4.8) and is ad-
mitted to reactor with a total mass flow rate of 100 em® STP min—! (sccm). During catalytic
measurement, the temperature of a mixture consisting of 20 mg of catalyst and 40 mg of
quartz sand is programmed from 25 °C to 250 °C with a heating rate of 1 °C/min. The
corresponding weight hourly space velocity is 345000 mL-g~'-h™". For product analysis,
a nondispersive infrared sensor is coupled downstream to detect the volumetric concen-
tration of CO/CO; and C3Hg. The conversion of propane (%) is determined based on the
following equation:
c(CO,)

(07 X 100% o)

Xozny =
where c(COy,) is the real-time concentration of CO» in the outlet gas and cmax(CO») is the
steady-state concentration of CO; when full conversion is achieved. Propane conversion
calculated by the change of the propane concentration is simultaneously conducted to
countercheck data accuracy. During the whole temperature range, there is no CO detected
and the concentration of CO; at full conversion state is virtually three times the inlet
propane concentration, thus evidencing that the carbon mass is balanced and no other
byproduct is formed. Finally, we use space time yield (molcq,) ‘kg(zrlat) ‘h L, molar amount
of CO, per kilogram catalyst and hour, STY) to quantify the activity of the catalyst in total
propane oxidation reaction.

5. Conclusions

A rational synthesis approach is introduced to favor hydrogen incorporation in the
oxide lattice by mixing a reducible oxide with a less reducible oxide, as exemplified with the
solid solution of RuO; and rutile TiO5. Neither RuO; nor rutile-TiO; is able to incorporate
hydrogen into the lattice just by hydrogen exposure at elevated temperatures: rutile-TiO,
is not affected at all, while Ru_100 is fully reduced to metallic ruthenium. We show that
mixed RuxTiy_,O; is stable against Hy exposure at 250 “C for compositions 0.2 < x < 0.8
and hydrogen can be incorporated into the lattice. Hydrogen incorporation in mixed
oxide RuyTi;_xO5 reveals a synergy effect in that Ru enables the activation of Hj, while Ti
stabilizes the oxidation state of Ru (Ru**) against reduction to metallic Ru.

Hydrogen insertion into the rutile lattice of Ru,Ti;_4O; is accompanied by a change of
the lattice constants (XRD) and increased micro-strain. Hydrogen insertion affects directly
or indirectly via macro- and micro-strain the electronic structure of RuyTij_xO» that in
turn is expected to be responsible for the improved catalytic activity, not only for oxidation
catalysis as exemplified with the propane oxidation, but may be equally beneficial for
the selective hydrogenation and oxidation of other organic compounds. For propane
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combustion, we show that the activity of Ru_x is significantly increased by H exposure at
250 °C. The optimum catalyst is identified with Ru_60_250R, whose activity is substantially
higher than that of Ru_100.

Hydrogen treatment can also be conducted in situ by Hy exposure during temperature
ramping and switching to the reaction mixture when the reaction temperature is reached,
thus providing an additional parameter to tune the catalytic performance of a mixed
oxide catalyst in the reactor. This approach is of general interest in catalysis research and
inorganic chemistry to fine-tune properties of (mixed) oxides and may therefore open
exciting perspectives for tuning the catalytic activity of mixed oxide catalysts, not only in
thermal catalysis but also in electrocatalysis of acidic water splitting at the anode side.
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2.2 Publication 2: Inserted Hydrogen Promotes Oxidation
Catalysis of Mixed Ruo.3Tio7O2 as Exemplified with Total Propane
Oxidation and the HCI Oxidation Reaction

This publication is on the detailed hydrogen incorporation behavior of the specified Ru 30
sample. Ru 30 sample synthesized by a sol-gel method turns out to be not phase pure but
consists of 21 mol% RuO: and 79 mol% Ruo3Ti0.702 solid solution. The exposure of hydrogen
at elevated temperature causes the reduction of RuO» phase while the hydrogen incorporation
into the Ruo3Ti0702 phase. 250 °C turns out to be the optimal temperature for hydrogen
insertion and the amount of hydrogen in the lattice is determined to be 17.8 mol% according to
the TG-MS. The hydrogenated Ruo3Tio702 show remarkable catalytic performance in
oxidation catalysis such as propane and HCI oxidation reactions. The inserted hydrogen is not
thermally stable and results in activity loss via the formation of water during temperature
ramping under reaction mixture. A solution to this issue is to ramp the temperature up to the
desired reaction temperature under hydrogen atmosphere and then the gas is switched to the
reaction mixture. Subsequent stabilization of hydrogen can be achieved by the continuous

supply of the hydrogen from the decomposition of the propane and HCI.

H. Over and I devised the experimental schedule. I prepared Ruo 3Tio702 mixed oxide catalyst.
I performed XRD, SEM, TG-MS, HR-TEM experiments. T. Weber and L. Glatthaar performed
XPS measurements. P. Timmer, A. Spriewald-Luciano, Y. Wang and I contributed the
construction of propane and HCl oxidation apparatuses and preliminary data analysis. H. Over,
B. M. Smarsly, Y. Guo and I contributed through scientific discussion of the data. H. Over and
I wrote the draft version of the manuscript. All authors revised the manuscript and have given

approval to the final version.

Reprinted from Wang, W.; Timmer, P.; Spriewald-Luciano, A.; Wang, Y.; Weber, T.; Glatthaar,
L.; Guo, Y.; Smarsly, B. M.; Over, H. Inserted Hydrogen Promotes Oxidation Catalysis of
Mixed Ruo3Tio702 as Exemplified with Total Propane Oxidation and the HCI Oxidation
Reaction. Catal. Sci. Technol. 2023, 13, 1395. https://doi.org/10.1039/d2cy02000a. Copyright:
© The Royal Society of Chemistry 2023.
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Inserted hydrogen promotes oxidation catalysis of
mixed Rug 3Tig 70, as exemplified with total
propane oxidation and the HCl oxidation
reactiont}
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The solid solution of a reducible oxide with a (non or) less reducible oxide may open the way to
incorporate substantial amounts of hydrogen by the simple exposure to H, at elevated temperatures, as
exemplified with the mixture of RuO, and TiO,. We are able to incorporate 17.6 mol% hydrogen into the
mixed oxide Rug 3Tio 702 by H, exposure at 250 °C, while this is not possible for pure RuO, and rutile TiO,
that is either reduced to metallic Ru or does not allow for hydrogen absorption, respectively. Hydrogenated
Rup3Tig7O2 may be utilized in hydrogenation catalysis. In this study, however, we demonstrate that
hydrogen-incorporated Rug 3Tig 7O, improves substantially the catalytic performance in oxidation reactions
such as the total oxidation of propane and HCl oxidation reaction. Hydrogen induced lattice strain in Rug 3-
Tio7O, accompanied with altered electronic properties is likely to be the reason for the observed
enhancement in catalytic activity. Hydrogen treatment can also be performed in the reactor, thus providing
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1. Introduction

Hydrogen incorporation in solid materials is mostly
associated with the formation of metal hydrides' with special
focus put on the application of these materials in the field of
hydrogen storage. However, the intimate interplay of
hydrogen absorption in interstices of bulk-metals and
hydrogen adsorption on the surface can be equally important
for heterogeneous catalysis, such as reported for Pd-based
hydrogenation of alkynes.>?

The hydrogen interaction with oxides is even more
complex than with metals." Hydrogen exposure leads
frequently to the formation of surface hydroxyl groups, but
can also result in hydrogen incorporation into bulk oxide as
proton or hydride species. For reducible oxides, hydrogen
interaction may even reduce the oxide to pure metals or
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an additional parameter to fine-tune in situ the catalytic performance of a mixed oxide catalyst.

generate oxygen-deficient oxides that is accompanied by a
reduction of the oxidation state of the metal cation.

Up until now, only little is known about the potential of
hydrogen insertion to endow metal oxides with superior
catalytic performance. A peculiar type of interaction with
hydrogen was reported for CeO,. Here hydrogen exposure
leads to formation of hydroxyls at the surface and hydride
species H™ in bulk Ce0,.”” Hydride formation is facilitated
by oxygen vacancies and accompanied by the oxidation of
Ce®* to Ce* which may explain the remarkable catalytic
performance of CeO, in the partial hydrogenation of alkynes
to alkenes.'*""?

Upon H, exposure at high temperatures (600-1000 °C),
TiO, can be bulk-reduced to the Magneli phases down to
Ti,0,."*" At lower temperatures, theory'>'® and
experiments'’*? indicate that traces of hydrogen can form deep
donor levels in rutile TiO, forming O-H' complexes, while
hydrogen in O vacancies can be stabilized as hydride H™ species.

Hydrogen exposure to RuO, is not able to form hydrous
RuO, or solid suboxides.”® Hydrogen treatment at
temperatures above 130 °C leads instead to chemical
reduction of RuO, that comes along with a phase separation
into RuO, and metallic ruthenium on the nanoscale.****
Hydrous RuO, can however be formed by anodic
polarization of metallic Ru (ref. 22) or by hydrothermal

Catal. Sci. Technol.,, 2023, 13, 1395-1408 | 1395
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treatment of Ru precursors.”” Hydrous RuO, turned out to
be a remarkably active catalyst in the oxidative dehydration
of alcohols.”* 7 The superior activity of hydrous RuO, was
reported to be correlated with its electrochemical
capacitance, ie., the amount of hydrogen that can reversibly
be incorporated or extracted.**?*

In this study we will introduce a quite general approach to
insert hydrogen into RuO, based materials, thereby affecting
the catalytic oxidation activity. In doing so, we prepare a solid
solution of RuO, with less-reducible rutile TiO,, aiming at
modifying the reduction behavior with H,. In particular, we
synthesize a mixed oxide with the composition Ruy;Tiy705.
This specific concentration of Ru of 30 mol% is chosen to be
compatible with the Ru concentration of dimensionally stable
anodes (DSA”) employed in the large scale industrial process
of chlorine evolution reaction. We will show that upon
exposure to hydrogen at 250 °C, Ru, 3Ti, O, is able to insert
17.6 mol% hydrogen into the rutile lattice. Catalytic tests of
H-inserted Rug3Tip;0, are conducted for two industrially
relevant oxidation reactions, namely the total oxidation of
propane and the HCl oxidation reaction. Catalytic propane
oxidation is an important reaction for exhaust after treatment
of liquid petroleum gas propelled engines.’ The gas-phase
HCI oxidation to Cl, is applied on a large scale to recover Cl,
from HCl being generated in diverse industrial chemical
processes, for instance in the production of polycarbonates.®"
For both catalytic oxidation reactions, H-inserted Ruyg 3Tip 705
reveals significantly higher catalytic activity than H-free
Ruy 3Tip70;.

2. Experimental details
2.1 Preparation of catalysts

The mixed ruthenium-titanium powder material with 30
mol% Ru is prepared by a conventional sol-gel method and
is referred to as Ru_30 (pure RuO, prepared by sol-gel
method is referred to Ru_100). For the synthesis of Ru_30 we
apply the following procedure: 4.6 g anhydrous citric acid
(CA) is dissolved into 40 mL deionized water at 60 °C using a
water bath. 1.4 mmol titanium butoxide (Sigma-Aldrich, 97%)
is dissolved in 5 mL anhydrous ethanol and then mixed with
the above CA solution. Subsequently, 0.6 mmol RuCl;-xH,0
(Sigma-Aldrich, molecular weight: 228.13 g mol ™', determined
by TG-MS) is added and the clear brown solution is
continuously stirred for 15 min while mildly heated up to 80
°C, thereby leading to the complete complexation of the
metal cations. Next the pH of the solution is adjusted to 6 by
an ammonia solution (2 M), during which the solution
remains dark brown and transparent. Finally, the solution is
heated to 90 °C to evaporate the solvent. The resulting dark
green gel is directly transferred into a 120 °C drying oven
overnight, and the obtained black foam-like material is finely
ground and calcined at 450 °C for 4 h with a heating rate of
2 °C min. The final Ru_30 powder sample is ground again
for the characterization and catalytic experiments.

1396 | Catal Sci Technol, 2023, 13,1395-1408
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Hydrogen incorporation experiments are conducted by
exposing a fresh Ru_30 mixed oxide catalyst to 4 vol% H,/N,
(50 scem min ™) at different temperatures y in degree Celsius
for 3 hours (referred to Ru_30_yR). After cooling down under
the same atmosphere, the obtained catalyst is thoroughly
characterized before and after catalytic tests. The re-oxidation
experiment is conducted in the same apparatus by switching
the gas atmosphere to 50 scem of dry air at a temperature 2
in degree Celsius (referred to as Ru_30_yR_zO). The blank
sample calcined in pure N, is referred to as Ru_30_yN.

2.2 Characterization of catalysts

Powder X-ray diffraction (XRD) measurements are conducted
on a PANalytical Empyrean diffractometer employing a Cu K,
source (40 kV, 40 mA). LaB, standard (NIST) is mixed with
the samples to correct for a potential 20 shift due to varying
sample holder positions. The crystallite size is calculated by
the Scherrer equation, while the composition of the catalyst
is determined by Vegard's law and energy dispersive X-ray
spectroscopy  (EDS) employing a scanning electron
microscopy (SEM) HREM Merlin instrument (Carl Zeiss
Microlmaging GmbH, Géttingen, Germany).

The samples are pre-treated at 100 °C for 12 h in vacuum
before performing Kr physisorption experiments with an
Autosorb 6 instrument (Quantachrome). The BET (Brunauer—
Emmett-Teller) method is applied to determine the specific
surface area.

Morphology and elemental distribution of the catalyst are
analyzed by aberration-corrected scanning transition electron
microscopy (STEM) operated on a ThermoFisher Themis Z
transmission electron microscope equipped with two
aberration correctors. High-angle annular dark-field (HAADF)
STEM images are recorded using a convergence semi-angle of
25 mrad and inner and outer collection angles of 47 and 200
mrad, respectively. Bright field images are acquired using
ThermoFisher Talos F200X. Energy dispersive spectroscopy
(EDS) is carried out with a four in-column Super-X detector.
Copper mesh grids are used for the sample preparation.

The concentration and chemical state of the Ru_x samples
in the near surface region is quantified by X-ray photoelectron
spectroscopy (XPS, PHI VersaProbe II). The photon energy is
1486.6 eV (monochromatized Al-Ko. line). XPS spectra are
analyzed with the CasaXPS software (Version 2.3.17).

Thermogravimetric (TG)-analysis is performed on a STA
409PC thermoscale (Netzsch) in combination with a QMG421
quadrupole mass spectrometer (MS) from Balzers with an
ionization energy of 70 eV. A temperature range between 25
and 500 °C is analyzed with a heating rate of 10 °C min™* in
synthetic air (30 scem min™").

2.3 Catalytic measurements

A home-built flow reactor is used to determine the catalytic
propane oxidation activity of the catalysts.*> The apparatus
comprises the gas supply, the quartz tube reactor (6 mm
inner diameter), furnace and a nondispersive infrared

This journal is @ The Royal Society of Chemistry 2023
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(NDIR)-sensor to quantify volumetric CO/CO, and C;Hy
concentration. The purities of the used gases are 3.5 and 4.8
for C;Hg and O,, respectively. Typically, 20 mg of powder
catalyst mixed with 40 mg quartz sand is employed in the
test. The feed gas consists of 1 vol% C;Hg, 5 vol% O, that is
balanced by 94 vol% N,. The total mass flow rate is set to 100
ecm® STP min™' (scem), controlled by digital mass flow
controllers (MKS Instruments 1179B). This that corresponds
to a weight hourly space velocity (WHSV) of 345000 mL g *
h™'. The temperature of the catalyst bed can be varied from
room temperature to 250 °C at a rate of 1 K min~', The
propane conversion is calculated by the following equation:

Ci
Xem, = O] O‘Z)
fmax((lozj

where ¢(CO,) is the concentration of CO, at the outlet of the
reactor during temperature ramp and ¢y, (CO,) is the full-
conversion-state concentration of CO,. Additionally, the
concentration of propane is recorded during the reaction to
countercheck the determined conversion. The conversions
based on CO, and C;Hj, are virtually identical, indicating that
no other by-product is formed. When propane is fully
consumed, the concentration of CO, turns out to be three
times that of the propane concentration at the inlet. CO is
not detected during the entire temperature range of the
catalytic test. Altogether, the carbon mass is balanced and
the selectivity towards CO, is 100%. The space time yield
(STY) defined as the molar amount of product per time and
per mass catalyst is used as descriptor to evaluate the
catalytic activity in propane oxidation reaction.

Catalytic HCI oxidation measurements are conducted in
another homebuilt fixed-bed reactor.®” The reactor setup
includes the gas supply, the quartz tube reactor (6 mm inner
diameter), furnace, and UV-vis analytics for chlorine
quantification. The following gases are used: HCI 4.5, O, 5.0,
and Ar 5.0, and the flow rates are controlled by digital mass
flow controllers (MKS Instruments 1179B). The product
analysis is accomplished by a fiber-optic UV-vis spectrometer
(Ocean Optics USB4000 with a DH-2000-BAL light source)
with a Z-shaped flow cell (Teflon, 50 mm optical path length,
FIAlab). The absorbance at a wavelength of Ay. = 329 nm
(absorption maximum of chlorine) is proportional to the
chlorine space time yield (STY). For activity tests, 20 mg
catalyst is exposed to a reaction mixture, containing 3 scem
HCI, 1.5 scem O, and 10.5 scem Ar, and a total flow rate 15
scem min”'. The temperature of the catalyst bed can be
varied from room temperature to 450 °C at a rate of 5 K

min".

3. Experimental results

3.1 Characterization of the fresh ruthenium-titanium mixed
oxides samples

The XRD patterns of freshly prepared ruthenium-titanium
mixed oxide Ru_30 and Ru_100 are depicted in Fig. 1a; for

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD patterns of the pure rutile r-TiOz Ru_100 and the
ruthenium-titanium mixed oxide Ru_30. (b) Peak deconvolution of
rutile (110) and (101) reflections in pure RuO, (blue) and mixed oxide
Rug 3Tig 7O (orange)

comparison reason the XRD pattern of pure commercial
rutile TiO, is overlaid. For the pure ruthenium sample
Ru_100, reflections from both a rutile structure and metallic
Ru (hep structure) are discernible. The formation of metallic
Ru is commonly observed for such syntheses involving
organic complexation agents that can act as reducing agent
during the beginning of the reaction. However, for Ru_30
no reflections from metallic Ru are observed, which we
attribute to the lower amount of Ru present in the solution.
With the addition of titanium, the rutile structure in XRD
patterns is preserved, although the (110) and the (101)
reflections shift towards the reflections of pure rutile TiO,.
The rutile related diffraction peaks of Ru_30 split into two
components, thus manifesting a notable phase separation.
The positions of the sharp reflections appearing at 28.02°
from rutile (110) and 26 = 35.07° from rutile (101) are
ascribed to the pure RuO, phase, while those at 28 = 27.56°
and 2¢ = 35.70° are assigned to mixed Ti, ,Ru,0,. Here we
utilize LaBg as reference to precisely determine the peak
positions. It turns out that the observed variation of LaB,
peak positions among the various samples are only 0.01° so
that in further XRD experiments (Fig. 2) we refrain from
using LaB; as reference. The existence of pure RuO, in the
Ru-rich mixed Ti,_,Ru,0, was already reported in a previous
study wusing a similar polymer assisted preparation
method.*” The coexistence of pure RuO, and mixed
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Fig. 2 (a) XRD patterns of Ru_30 catalysts treated in 4 vol% H,/N, at different temperatures indicated (Ru_30_yR, y = reduction temperature). (b)
XRD patterns of Ru_30_250R catalysts after re-oxidation at different temperatures indicated (Ru_30_250R_zO, z = oxidation temperature). The
dashed lines correspond to the position of pure RuO; and rutile TiO,. All XRD patterns are acquired at room temperature.

Ti;-Ru, O, in a wide range of composition indicates a profound
miscibility gap in agreement with a recent DFT study.”

In Fig. 1b, we present the peak deconvolution of the
rutile (110) reflection, while that of the (101) reflection is
shown in Fig. 1c. As a main result of the decomposition,
the peak positions of Ru-Ti solid solution can be used to
derive the lattice parameters @ = b = 4.5718 A and ¢ =
3.0059 A of the mixed oxide. Assuming the validity of
Vegard's law,”® the composition of the mixed Ru-Ti oxide
component is estimated to be 30 + 3% (¢f Fig. S1}) in
good agreement with the nominal composition. From the
relative integral intensities (in Fig. 1b and c) of the (110)
and (101) reflection of the mixed oxide component and
the pure RuO, component of Ru_30, the total amount of
mixed oxide and RuO, was calculated from the (110) as
well as the (101) reflections, providing average values of
79 + 3 mol% and 21 + 3 mol% respectively. Based on the
width of these reflections the crystallite sizes derived by
the Scherrer equation are 12 + 2 nm for Ru_30 and 43 +
5 nm for Ru_100, respectively (cf Table 1). We note that
the effect of microstrain on the
crystallite size, using the Williamson-Hall method, is only
marginal for Rug;Ti, ;0. and pure RuO,. We attribute the
absence of a significant degree of structural disorder in
the crystal structure for Rug;Tiy;0, to the quite similar
ionic radii of Ti and Ru in the formal oxidation state 4+.

calculation of the

Table 1 Physicochemical propertied including compositional information of

Thus, the incorporation of Ru into the rutile crystal lattice
only generates minute microstrain.

With STEM and element mapping the morphology and
the local composition of the Ru_30 sample is studied (¢f. Fig.
S2f). From the homogeneous distribution of Ti and Ru in
element mapping it is obvious that a mixed oxide Ru,Ti;—0;
has formed with a local Ru concentration of 26 + 4 mol%.
Occasionally, large RuO, particles (>50 nm diameter) are
observed (¢f: Fig. $27t).

With XPS we can determine the surface/near-surface
composition of the mixed oxide Ru_30 catalyst in comparison
with that of Ru_100 (¢f Fig. S3,t and the fitting parameters
are provided in Table S1t). From the Ru 3d XP spectrum we
can clearly see that ruthenium is exclusively in the Ru'*
oxidation state that is further supported by the pronounced
satellite features. The Ols spectrum in Fig. 5471 (fitting
parameters are given in Table S1t) exhibits two chemical
states of near surface oxygen: one is the O*" from the lattice
oxygen at ~529 eV, and the other, a shoulder peak at higher
binding energy (around 531.8 eV), is ascribed to surface OH.

In order to quantify the surface composition of ruthenium
and titanium, we measured Ru 3p and Ti 2p XPS spectra and
performed peak deconvolution since these peaks overlap (¢f
Fig. S5;1 fitting parameters are collected in Table $11). For
the Ru_30 catalyst, the surface concentration of ruthenium
turns out to be 29.1 mol%. Employing EDS-SEM with a

Ru-Ti mixed oxides catalysts

Cell parameter Cell Grain size Grain size Ru-Ti/(RuO, + Ru/(Ru + Ti)* Ru/(Ru #Ti}‘r BET surface
Catalyst alb”® (A) parameter ¢ (A) (Ru0,)” (nm) (Ru-Ti)* (nm) Ru-Ti)" (%) (%) (%) area (m® g')
Ru_100 4.4998 3.1069 18 £ 0.5 — 100 100 100 9
Ru_30 4.5718 3.0059 43 +5 12.0+2 F9E3 30.0 29.1 31
Ru_30_250R 4.6381 2.9373 = 12.2+3 == 29.8 31.1 30

“ Caleulated by rutile (110) reflection of the Ru-Ti solid solution phase. ” Calculated based on obtained a/b value and rutile (101)/(101)
reflections of the Ru-Ti solid solution phase. © Determined by Williamson-Hall method. ¢ Determined by peak deconvolution of the XDR

reflections from 25-45°, ¢ Obtained from SEM-EDS mapping.  Calculate
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detection depth of several micrometers, the bulk composition
of Ru_30 is determined to be 30 mol% Ru, in good
agreement with the nominal composition of Ru_30. Krypton
physisorption experiments provide a BET surface area of 31
m? g (for Ru_30). Table 1 summarizes the derived
properties of Ru_30 and Ru_100.

3.2 Hydrogen incorporation into ruthenium-titanium mixed
oxides

In the following we discuss the hydrogen incorporation of
Ru_30. XRD in Fig. 1 reveals that Ru_30 consists of a mixture
of RuO, and Rug;Tip70, mixed oxides. The hydrogen
treatment involves the exposure of Ru_30 to 4% H,/N, for 3 h
at various temperatures ranging from 130 °C (Ru_30_130R)
to 450 °C (Ru_30_450R). Note that the XRD measurements
are performed after cooling down the mixed oxide to room
temperature. As indicated in Fig. 2a, the diffraction peak of
RuO; at 26 = 28.02° starts to decline at 150 °C and completely
disappears at 190 °C. Concomitantly, the intensity of Ru
metal related diffraction increases in intensity. These
changes imply that the pure RuO, particles are reduced to
metallic ruthenium at temperature below 200 °C, fully
consistent with previous surface science studies of
Ru0,(110).”" Quite in contrast, the rutile reflections (110) and
(101) of the mixed oxide phase persist and shift to lower and
higher diffraction angles, respectively, upon exposure to 4%
H,/N, and increasing the temperatures. At 250 °C, Le., for
Ru_30_250R, only a single and symmetric signal shows up at
26 = 27.16°, a position that is lower than that of pure rutile
TiO, (110). The corresponding cell parameters together with
the bulk compositions are collected in Table 1. However, even
H, treatment at 450 °C leaves the rutile structure of Ru_30
stable, shifting the (110) peak little less than for the 250 °C
reduction treatment.

With HRTEM the topography of Ru_30_250R is imaged
and presented in Fig. 3a. The mixed oxide is clearly visible in
the overlay of Ti and Ru element mappings (¢f Fig. 3b),
showing a homogeneous distribution of Ru and Ti after the
250 °C reduction treatment. The fringes in Fig. 3a indicate
(110) facets of rutile. As seen in the magnified image in
Fig. 3c, these fringes are due to regular rows of spots
(columns of Ti and Ru cations) with varying intensity. This
intensity variation (Fig. 3d) is due to different compositions
of these columns, with higher concentrations of Ru in the
higher intensity spots. In Fig. 3¢ we can also discern a twin
grain boundary. Notably, the fringes of rutile (110) facets (¢f
Fig. 3a and c¢) indicate a layer spacing of d ~ 3.4 A, indicating
a clear expansion compared to the unreduced Ru_30 with d
~ 3.3 A (¢f Fig. S61) that is in qualitative agreement the XRD
derived data. Altogether, HRTEM data strongly evidence that
the mixed oxide phase is preserved upon exposure to 4% H,/
N, at 250 °C. On other positions of the sample, the mixed
oxide is shown to be partly decorated by Ru-rich particles (cff
Fig. S71). The overlay of O and Ru indicates that these Ru-
rich particles are composed of metallic Ru, while the oxide is

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Aberration-corrected HAADF-STEM images of Ru_30_250R
sample. (b) EDS mapping of the same region shown in (a): green = Ru,
magenta = Ti. (c) HAADF-STEM images of the selected yellow dotted
region in (a). (d) Enlarged aberration-corrected HAADF-STEM images
of Ru_30_250R along the rutile (110) direction and intensity analysis
from the rectangle box along the arrow (yellow).

always present as mixed oxide. These large Ru particles stem
from the reduction of the RuO, particles.

To highlight the particular behavior of Ru 30 in the
hydrogen treatment, we carry out hydrogen incorporation
experiments with Ru_100 and pure rutile TiO, for comparison
reason. As summarized in Fig. S8, Ru_100 is fully transformed
to metallic Ru under 4% H,/N, at 250 °C, while for TiO, there
is no change observed at all in the XRD pattern.

To further study the redox properties of Ru_30, the
Ru_30_250R sample is subject to re-oxidation that is
conducted at elevated temperatures up to 450 °C (Fig. 2b).
Upon exposure to air at 50 °C, the (110) and (101) reflections
start to shift in position while maintaining the FWHM.
Further increase of temperature to 100 °C in air the peak
positions keep shifting and the diffraction profiles sharpen
considerably. Since a temperature of 100 °C is far too low to
cause an increase of the crystallite size, these experiments
clearly indicate that the hydrogen-induced FWHM increase of
hydrated Rug sTi; -0, (110) component is due exclusively to
micro strain. This view is fully supported by a detailed
Williams-Hall analysis (¢f Table S$2f). The microstrain
decreases form 1.2% for Ru_ 30 250R to 0.2% for
Ru_30_250R_1000. The micro strain is induced by hydrogen
incorporation that reversibly diminishes by hydrogen removal
during oxygen exposure at high temperatures. Final oxidation
at 450 °C leads to the rutile diffraction signals (shape and
position) that are identical to those of the pristine Ru,, 3 Ti; -
0,. This means that the Ru-Ti mixed oxide phase can be fully
recovered upon oxidative treatment. Above 100 °C the Ru
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metal signals decrease in intensity and at 450 °C the RuO,
peaks re-appear as shoulder at the (110) and (101) positions.
A cycled hydrogen incorporation/re-oxidation experiment is
applied to test the reversibility of the mixed oxides structure.
The XRD results are summarized in Fig. $9,i evidencing that
during three redox cycles at higher temperatures, the
structure can reversibly be switched between mixed Rug 3 Tig »-
O, oxide phase and the hydrogenated Ru, ;Ti, ;0. oxide.

To learn more about the process of hydrogen incorporation
into Ru_30 sample, the (110) and the (101) reflections are
analyzed by decomposition into up to three components (cf:
Fig. 4); one component is related to pure RuO, (blue) the
other two (green and red) are related to hydrogenated Rug ;-
Tip70, with different hydrogen concentrations causing
different lattice distortions. The reflections of the untreated
Ru_30 sample can be decomposed into a narrow contribution
of pure RuO, (blue) and one that is related to mixed oxide
Ruy 5T 70, (green). Hydrogen treatment at 150 °C for three
hours does not cause any change in the diffraction features of
(110) and (101) reflections. Upon hydrogen treatment at 170
°C, the green component shifts slightly and a third
component (red) appears that is even farther shifted toward
the TiO,-related diffraction peaks. Increasing the temperature
to 190 °C, the red component gains in intensity, sharpens and
shifts slightly, while the green component continues to shift
and broadens significantly. The pure RuO, component (blue)
disappears. Upon hydrogen treatment at 210 °C, the green
component shifts without increasing the FWHM and the red
component loses intensity, but does not shift further. Upon
further increasing the temperature of hydrogen treatment to
230 °C, the green component remains constant, while the red
component diminishes and disappears finally at 250 °C.
Detailed parameters of all the peak deconvolutions of rutile
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(110) and rutile (101) are compiled in Table $3.f The main
result of this analysis is that RuO, is chemically reduced while
the mixed Rug ;Tip-O, incorporates hydrogen upon hydrogen
treatment at 250 °C that shifts the 26 positions of the (110)
and (101) reflections towards those of TiO, (macrostrain),
while the FWHM increases substantially due to the formation
of microstrain.

Employing TG-MS the amount of hydrogen incorporated
into the lattice of Ru_30_250R is quantified by the amount of
water that is produced by the reaction of incorporated
hydrogen with oxygen during heating the sample in ambient
air. The derived wvalue is counterchecked by the
corresponding mass loss in TGA. As reference a nitrogen-
treated sample Ru_30_250N sample is used. As depicted in
Fig. 5, a little mass signal for H,O (m/z = 18) originating from
the water desorption is already evident at 80 °C for
Ru_30_250N, while for Ru_30_250R a broader and stronger
signal can be recognized. This latter water peak consists
actually of two components, one related to water desorption
(80 °C) and a second that is associated with the oxidation of
incorporated hydrogen (maximum at 130 °C). A peak
temperature of 130 °C agrees reasonably well with the
temperature where significant changes in XRD (Fig. 2b) occur
during re-oxidation. Employing a deconvolution procedure as
shown in Fig. 5 the amount of inserted hydrogen can be
quantified from the integral area of the difference of
Ru_30_250R and Ru_30_250N. The molar fraction of inserted
hydrogen for Ru_30_250R turns out to be 17.6 mol% (see
ESIt for the raw data, Fig. $10). A similar analysis is carried
out for Ru_30_450R (see ESL} Fig. S11), resulting in a
concentration of incorporated hydrogen of 6.6 mol%. The
lower concentration is reconciled with a smaller shift of the
(110) and (101) reflections in Fig. 2a.
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Fig. 4 (110) (a) and (101) (b) reflection of Ru_30 and how these reflections evolve with hydrogen treatment at various temperatures ranging from
150 °C to 250 °C. The reflections are decomposed into up to three components: one component is related to pure RuO; (blue) the other two
(green and red) are related to hydrogenated Rug sTio ;O with different hydrogen concentrations causing different lattice distortions.
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Fig. 5 Peak deconvolution of H,O signal (m/z = 18) of the
Ru_30_250R and Ru_30_250N from TG-MS analysis.

In Fig. 6 XP spectra of Ru 3d of Ru_30 are compared to
those of the hydrogen treated Ru_30_250R sample and the
re-oxidized one Ru_30_250R_3000. The spectra can be fitted
by three components, namely metallic Ru, Ru*" and the
satellite feature of Ru**. For clarity reasons, the carbon C 1s
component is removed from the spectra. The Ru_30 sample
reveals only Ru'" (red) and the corresponding satellite
features (blue). This is consistent with the XRD (Fig. 4) that
shows only diffraction peaks based on the mixed oxide Ru, ;-
Tiy.70, and pure RuO,. In both oxides Ru is exclusively in the
4+ oxidation state. Upon hydrogen treatment at 250 °C, a
strong metallic Ru peak appears in the Ru 3d spectrum
(green). This metallic component originates from the
reduction of RuO, at 250 °C towards metallic Ru, as
evidenced by XRD. The molar concentration of metallic Ru
corresponds to 24 mol% in reasonable agreement with that
concluded from XRD (21 + 3 mol%). Therefore, the observed
Ru' component is that of Ru in mixed Ruy 3Ti,-0,. Upon re-
oxidation of Ru_30_250R at 300 °C (Ru_30_250R_3000), the
metallic component diminishes and the Ru** concentration
is largely recovered. From these experiments we conclude
that the oxidation state of Ru in Ruy;Ti;0, is preserved,
regardless of the chemical treatment (hydrogen treatment or
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re-oxidation). Quite surprising, the binding energy of the
satellite feature (blue) reveals a significant shift towards
lower binding energy when treated with hydrogen, while this
shift is restored during the re-oxidation process.

In principle hydrogen reduction could also reduce Ru from
Ru, 3Tiy-0,. This process can be excluded. On reduction
treatment at 250 °C, we found that the rutile structure is
preserved (XRD (Fig. 2a) and TEM (Fig. 3)) and the rutile
structure persists as a mixture of Ti and Ru (element mapping
and “atomically” resolved STEM in Fig. 3). The XPS analysis
indicates that overall the Ru_30 250R sample still contains 76
mol% of Ru*". The most compelling evidence for the stability
of the Ru, 3Tip 70, after reduction treatment is provided by the
re-oxidation experiments in Fig. 2b. From XRD we see that the
rutile diffraction peaks of Ru, ;Tiy -0, are fully recovered after
re-oxidation above 250 °C. In particular rutile diffraction peaks
shift back to those positions of Ru_30 (with identical intensity),
thus evidencing that the mol% of Ru in the mixed rutile
structure has been preserved (Vegard's law).

In addition to the Ru 3d, Ti 2p XP spectra are summarized
in the ESIt (Fig. S12) for Ru_ 30, hydrogen treated
Ru_30_250R sample, and the re-oxidized one
Ru_30_250R_3000. All spectra indicate Ti** and no sign of
Ti’". The overall near-surface composition of Ru_30_250R is
given in Table 1. Corresponding O1ls spectra in Fig. S13}
exhibit two components, one related to 0> and the other
assigned to OH species. However, the OH feature does not
vary when Ru_30 is exposed to hydrogen or is re-oxidized,
suggesting that incorporated H does not change the
concentration of OH species.

3.3 Catalytic tests: total oxidation of propane and HCI
oxidation reaction

In the following we present catalytic tests of Ru 30 and
Ru_30_250R for two oxidation reactions in order to study the
effect of incorporated H in RuyTip;O0, on the catalytic
performance. Since we know already that incorporated H is
quite labile and leaves the mixed oxide under oxidizing reaction
conditions above 50 °C, we select deliberately oxidation
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Fig. 6 XP spectra of Ru_30 (a) in comparison with a hydrogen treated sample at 250 °C (b) Ru_30_250R and re-oxidized sample at 300 °C (c)
Ru_30_250R_3000. Using the CasaXPS software, the Ru3d spectra are decomposed into four components: Ru** (red), satellite Ru*" (blue),
metallic Ru (green), and Cls. For clarity reasons the C1s signal is removed from the experimental spectra.
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reactions that supply the catalyst surface continuously with
hydrogen, namely total oxidation of propane and HCI oxidation.

Total oxidation of propane. For the propane oxidation
reaction (1% C;Hg and 5% O, balanced by 94% N,) at 170 °C
the catalytic performance of Ru_30 is compared to that of
Ru_30_250R in Fig. 7a. The STY of Ru_30 is shown when
increasing the reaction temperature from 30 °C to 170 °C,
maintaining 170 °C for 5 h and reducing subsequently the
temperature back to room temperature. This temperature
cycling is conducted three times, reaching in all cases STY
values of 0.5 mol of CO, per kg cat™ h™ at 170 °C. This finding
demonstrates that the activity of Ru_30 is stable under these
conditions. With the Ru_30_250R the very same protocol is
carried out (Fig. 7a). Here within the first temperature cycle the
activity of Ru_30_250R is significantly enhanced and the
activity at 170 °C is stable at STY = 2.7 mol of CO, per kg cat™'
h™". In the second cycle the activity is reduced to 1.3 mol of
CO, per kg cat™ h™, but still substantially higher than that of
Ru_30. Again the activity at 170 °C is constant, i.e., no further
deactivation takes place at constant reaction temperature. In
the third cycle the achieved activity is identical to that reached
in the second cycle. The Ru_30_250R catalyst runs now stable
also when cycling the temperature.

In order to determine the chemical nature of the active
phase, the degree of hydrogen insertion in Ru_30_250R is
estimated from XRD (¢f Fig. 8a) after the catalytic test
experiments. Clearly, the signature for H insertion is much
less developed (see Ru_30_250R_C;H/O,_3 cycles in Fig. 8a).
Both the FWHM and the peak position change towards those
of Ru_30_250R_3000. However, the final peak position is still
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(albeit only slightly) shifted when compared to
Ru_30_250R_3000, evidencing that some inserted hydrogen
is left in sample Ru_30_250R_C;Hy/O;, 3cycles after the
catalytic tests.

Since the activity of Ru_30_250R at 170 °C is always
constant during a reaction time of 5 h, the loss of hydrogen
must occur during the temperature ramps in the first
temperature cycle. For this reason, we designed another
propane oxidation experiment with Ru_30_250R, where during
both the heating and the cooling ramp 4% H, in Ar is exposed
and only when the reaction temperature of 170 °C is reached
the feed is switched to the (1% C;H, + 5% O,) reaction mixture.
These samples are referred to Ru_30_250R_H,. As depicted in
Fig. 7b, the activity at 170 °C is now substantially enhanced
(4.3 mol of CO, per kg cat™" h™") in comparison to the case
without in situ H, treatment during temperature ramping, and
the high activity is maintained during the next temperature
cycles. Actually, the catalytic activity of Ru_30_250R is now one
order of magnitude higher than for Ru_30. The XRD pattern
(¢f Fig. 8a) after these catalytic tests indicates that the degree
of H insertion of Ru_30_250R_H, after three reaction cycles is
high and halfway between that of Ru_30 and Ru_30_250R (cf
Table S27).

In addition, we compare in Fig. 8b conversion curves for
the total oxidation of propane over Ru_30 _250R, where
during temperature ramping 4% H,/Ar is supplied, with that
of Ru_30. Ru_30 is substantially less active than Ru_30_250R,
reaching 95% conversion at 240 °C. With the hydrogen
treated sample Ru_30_250R 95% conversion is achieved at
200 °C that is 40 °C lower than for Ru_30.
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Fig. 7 (a) STY as a function of reaction time of catalytic propane oxidation over Ru_30 and Ru_30_250R when cycling the reaction temperature
from 30 °C to 170 °C (blue dotted line). The grey background represents total CsHy oxidation conditions: 1 vol¥% CsHg, 5 vol% O,, balanced by Nj;
total volume flow: 100 sccm min 2, temperature ramp: 1 K min ! (b) for Ru_30_250R, during heat ramping the reaction mixture is switched to 4%
Ha/Ar with total volume flow of 50 sccm min* {green background). When reaching 170 °C, the gas composition is switched to the reaction

mixture (grey background).
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Fig. 8 (a) XRD data before and after cyclic experiments at 170 °C for Ru_30_250R. The dotted lines are guide lines to follow the shift in 26. Total
C3zHg oxidation reaction conditions: 1 vol% CzHg, 5 vol% Oy, balanced by Ny; total volume flow: 100 sccm, temperature ramp: 1 K min 1 (b) Full
conversion curves of catalytic propane oxidation over Ru_30 and Ru_30_250R as a function of reaction temperature, when cycling the reaction
temperature from 30 °C to 250 °C. For Ru_30_250R, during the cooling stage after each cycle, the gas is switched to 4% Hy/Ar.

In next set of experiments we study the total oxidation of
propane at 170 °C starting from Ru_30 and then activate in
situ the Ru_30 sample with 4% H,/N, at 250 °C in the reactor.
The appeal of this approach is that the activity can directly be
compared without facing the problem that the catalyst loading
or the catalyst bed has changed from one sample to the next.
From inspection of Fig. S14a,} the activity increases by almost
one order of magnitude due to this hydrogen-induced
activation step, independent at which stage the in situ
reduction is performed. A control experiment (cf. Fig. S14b¥) is
conducted with Ru_100, indicating that the oxidized sample
Ru_100 is significantly more active than Ru_100_250R.
Altogether, these experiments evidence that the dramatic
increase in activity of Ru_30_250R (¢f Fig. 7 and 8) is traced to
H incorporation into the solid solution of rutile Ru,;Ti 0,
and not to the chemical reduction of RuO,.

HCI oxidation reaction. We test now the Deacon activity of
Ru_30 at 250 °C in a net oxidizing reaction mixture (20% HCI

and 10% O, balanced by 70% Ar, total volume flow: 15 scem
min'). During temperature ramping the catalyst may suffer
from deactivation due to in-depth chlorination which was
reported for CeQ, based catalyst.>” To cope with this concern,
pure Ar is applied during temperature ramping and only if
the reaction temperature of 250 °C is reached, the gas feed is
switched to HCI: O, = 2: 1.

As seen in Fig. 9 the Ru_30 catalyst is stable with a STY =
3.4 mol per Cl, per kg h™'. After this first run we switch to
pure Ar for 1 h and then switch to 4% H,/Ar keeping the
catalyst at 250 °C. This in situ treatment transforms Ru_30 to
Ru_30_250R. Subsequently, the second run starts with the
same reaction mixture (20% HCI and 10% 0,). We observe
that the STY sharply increases, declines then over 3 h and is
finally stabilized at 5.2 mol of Cl, per kg catalyst and per h,
i.e., substantially higher than for Ru_30 in the first run. After
this second run we switch to pure Ar for 1 h and then
introduce 20% O,/Ar to re-oxidize the Ru_30_250R catalyst,
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Fig. 9 STY as a function of reaction time on catalytic HCl oxidation over Ru_30. The grey background represents HCl oxidation reaction
conditions: 3 sccm HCL 1.5 scecm O;, balanced by Ar; total volume flow: 15 sccm min ‘, temperature ramp: 5 K min L The green background
represents the gas mixture during heating and cooling stage: 4% Ha/Ar, total volume flow: 50 sccm min . The yellow background represents the
gas mixture during the heating and cooling stage: Air (20%0,/Ar) 50 sccm min . The light blue background represents the purging stage under
pure argon, 15 sccm min *.
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keeping the catalyst temperature at 250 °C. Subsequently, the
third run continues with the HCl oxidation reaction at 250
°C. The steady state value of STY declines to 3.8 mol of Cl,
per kg catalyst and per h, being slightly higher than in the
first run. However, the fourth and fifth run of hydrogen
versus oxygen treated sample reveal a reversible and stable
behavior in the catalytic HCl oxidation reaction in that
hydrogen treated samples are significant more active than
oxygen treated samples.

With XRD the degree of hydrogen incorporation can be
estimated after the catalytic test (¢f Fig. S157). Similar to the
case of total oxidation of propane, the degree of H insertion
of Ru_30_H, is high and halfway between that of Ru_30 and
Ru_30_250R.

To check for the contribution of RuO,/Ru in the HCI oxidation
reaction activity over Ru_30, we perform a similar experiment as
in Fig. 9 for Ru_100 (¢f Fig. 5167). Clearly, Ru_100 is at least one
order of magnitude more active than Ru_100_250R, because the
latter is reduced to elemental Ru. This experiment implies that
the increase in activity of Ru_30_250R is solely caused by
hydrogen incorporation into rutile Rug;Ti70,.

For comparison reason and to assess the effectiveness of
Ru_30 and Ru_30_250R, a benchmark catalyst with similar
composition, namely 30 mol% RuQ,/TiO,-rutile, is prepared
by a simple impregnation method and tested under the same
reaction conditions as in Fig. 8 and 9 and summarized in
Fig. S17% For propane oxidation, the temperature of 95%
conversion for supported 30 mol% RuQ,/TiO, is reached at
250 °C, evidencing that the activity is substantially lower than
for both Ru_30 (240 °C) and Ru_30_250R samples (200 °C).
For HCI oxidation reaction, the STY of 30 mol% RuO,/TiO, at
250 °C is around 5.0 mol of Cl, per kg catalyst and per h, a
value that is slightly higher than for the Ru_30 sample (4.2
mol of Cl; per kg catalyst and per h), while it is slightly lower
that that of the hydrogen incorporated Ru_30 catalyst (5.3
mol of CO, per kg catalyst and per h).

4. Discussion
4.1 Hydrogen insertion into the mixed Ru, ;Tiy ;0>

A mixed ruthenium-titanium oxide material with nominal 30
mol% Ru (Ru_30) is prepared by a conventional sol-gel
method. From XRD this material is shown to consist of two
phases, namely of 21 mol% RuO, (grain size = 43 + 5 nm)
and 79 mol% of solid solution Ruy 5Ti, ;0, (grain size = 12 +
0.5 nm). From EDS-SEM and XPS the bulk and surface
composition of Ru_30 are 30 mol% and 29.1 mol% Ru,
respectively, and hence close to nominal composition of 30
mol% Ru.

Hydrogen treatment of Ru 30 in 4% H,/Ar at higher
temperatures is able to incorporate hydrogen into the rutile
lattice, while this is not possible for pure RuO, and pure
TiO,. TG-MS experiments quantify the amount of hydrogen
incorporated at 250 °C in the mixed Ru,,Ti, -0, to be 17.6
mol% (c¢f Fig. 5). If the hydrogenation step of the Ru, 3Tip 0,
is performed at 450 °C, only 6.6 mol% H can be
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incorporated. Obviously, H incorporation is a weakly
exothermic process with a reaction enthalpy to be =14 + 2 kJ
mol™, estimated by assuming that both concentrations are
equilibrium  concentrations (Van't Hoff equation). H
incorporation is an activated process that needs temperatures
higher than 150 °C in H, atmosphere. Since hydrogen
dissociation over ruthenium sites is expected to be non-
activated,®® the observed activation barrier is due likely to
diffusion from the adsorbed surface H towards the absorbed
state (H insertion). Assuming a typical frequency factor for
the diffusion process of 10" s and an Arrhenius type
equation, a temperature of 150 °C translates to an activation
energy of 115 = 5 kJ mol™. The estimated energy values are
summarized in the black energy diagram of Fig. 10.

Hydrogen treatment leads to changes in the lattice
parameters by 1-2% (XRD), but clearly retaining the rutile
structure. From a structural point of view (XRD) there is no
evidence that the rutile structure of Rug 3Ti; -0, transforms
partly into a hydroxide structure.

Next, we elucidate the synergy effect of Ru and Ti in Ru, 3~
Tip~0, to promote H incorporation. RuO, is not stable under
H, treatment at 250 °C, instead it transforms fully to metallic
ruthenium.?®**  Although Nislund et al®® reported the
hydrogenation of RuO, to RuO(OH), or Ru(OH); these
findings were immediately challenged by Karlsson et al.*’
Only recently hydrogen insertion into RuQ, was reported to
be accomplished by a dedicated soft chemical approach
based on the water gas shift reaction at temperatures below
200 °C." This approach leads to a monoclinic H,RuO, phase
upon insertion of hydrogen into the rutile RuO, matrix with
superior activity in hydrogenation reactions. In our case, no
monoclinic structure of Ru, ;Ti, -0, is formed.

TiO, on the other hand is stable under H, exposure at 250
°C for kinetic reasons. The reaction TiO, + H, — Magneli
phase + H,O requires much higher temperatures (600-1000
°C)*** In the present study, the formation of a Magneli
phase upon H, treatment at 250 °C can safely be ruled out

150 °C

S

E

=

=2 80 + 10 kJ/mol
£ l

a H

;a; 14 kJ/mol Hin Ru 30
=

=

Reaction coordiante

Fig. 10 Energy diagram for the hydrogen incorporation process in
Ru_30 catalyst at around 150 °C (black curve) followed by remove
under air at around 50 °C (red curve).
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based on the presented XRD experiments (cf Fig. 2). At lower
temperatures, hydrogen may form deep donors in rutile TiO,
forming O-H" complexes, while in O vacancies hydrogen is
stabilized as H species; both species occur with low
concentrations.'* ™"

One shortcoming of rutile-TiO, is the low activity towards
molecular H, dissociation, requiring an active precious
metal. Recently, it was reported that a Pd layer supported on
rutile-TiO, could accumulate a substantial amount of
hydrogen at the interface (within a thickness of 2 nm)."” In
mixed oxide Ru, ;Ti, 0, both worlds meet to the advantage.
Ru is able to activate molecular hydrogen, while Ti is
stabilizing the oxidation state of Ru against further reduction
to metallic Ru. This synergistic effect enables Ru, ;Ti; 705 to
accumulate adsorbed H at the surface first, potentially in the
form of surface hydroxides, and in a second step the surface
H species is able to penetrate the bulk of Ruy;Tip-0,
maintaining the rutile structure.

So far, we have considered that the H, activation takes
place on the mixed Ru,;Tiy;0,. However, it is also
conceivable that metallic ruthenium could activate the H,
and via “spill-over” hydrogen is then transferred to Ru, 3 Tig -
O,. From TEM it is obvious that many mixed oxide particles
do not carry any Ru metal particle. Therefore, if only metallic
Ru can activate H, to dissociate, one would expect a broad
distribution of inserted H concentrations that is not
reconciled with the XRD experiments in Fig. 2. Therefore, the
contribution of metallic Ru particles to dissociate H, together
with a subsequent spill-over to the mixed oxide is considered
to be small if not even negligible.

The next question one can ask is which type of H species is
incorporated in the mixed oxide lattice of rutile Rug 3Tip-Os:
proton, neutral H, or hydride H™ species. From XPS there is no
evidence for a change in oxidation states of Ti"" and Ru"" so
that metal cations both remain in the 4+ oxidation state after H
insertion. The stable oxidation state of Ru*" and Ti*" excludes
substantial formation of O vacancies. In the O1s spectrum (cf
Fig. $13t), no additional OH is discernible. This excludes the
formation of a mixed oxo-hydroxide as previously proposed by
Nislund et al* The energy shift of the satellite feature in Ru3d
XP spectrum (¢f Fig. 6) is reconciled with a reduced valence
electron density, when the satellite peak is interpreted in terms
of a surface plasmon.*® This observation is not reconciled with
proton incorporation, but instead may point to a kind of
hydride species where part of the valence electron density is
consumed to form H”".

4.2 Stabilization of inserted H in Ru_30_250R

From re-oxidation experiments of Ru_30_250R (¢f: Fig. 2b) we
know that at 50 °C in oxygen atmosphere, hydrogen is largely
removed from H-inserted Ru, ;Ti, ;O, phase, thereby rendering
inserted H a labile species. This re-oxidation process is highly
exothermic since water is produced (-143 k] mol ). Here the
diffusion of absorbed H toward surface is again the rate

determining step. Assuming a frequency factor of 10" s an
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activation energy of 80 + 10 k] mol ™' can be estimated based on
the Arrhenius equation. The estimated energy values are
collected in the red energy diagram of Fig. 10.

Since catalytic oxidation reactions take place typically at
higher temperatures than 50-100 °C, we need to find ways to
stabilize the inserted hydrogen in Ruy ;Ti, 70,. In doing so, we
develop a two-step strategy: first, since hydrogenation of Ru, ;-
Tiy 50, is very efficient at 250 °C, we apply (in situ) the very
same hydrogen treatment also in the reactor during ramping
the temperature to the desired reaction temperature. In this
way, we can reach the reaction temperature without losing
hydrogen. Secondly, we choose specific oxidation reactions
(HCI and propane oxidation) as test reactions where the
catalyst surface is continuously supplied with hydrogen
(oxidative dehydrogenation reactions).

4.3 Improved oxidation catalysis of Ru_30_250R in
comparison to that of Ru_30

In catalysis research hydrogen treatment of the catalyst is a
typical treatment to form the active catalyst. In this process
the active component is essentially reduced and considered to
be more active than the corresponding oxide phase that is
generated during the calcination step of the preparation of the
catalyst material. A particularly nice example was previously
reported with ruthenium-based catalyst in the ammonia
synthesis. Even the optimum Ba-promoted Ru catalyst needs
several days on stream and cycling the reaction temperature to
accomplish the final activity and therefore the active phase.

In the present study we keep with the oxide phase and
insert H into the oxide lattice in order to modulate the
catalytic performance. Equally important is that we are able
to tune the activity of catalyst in situ in the reactor by this
simple H, treatment at relatively low temperatures.

In the following we discuss the results of two catalytic
oxidation reactions, namely the total oxidation of propane
and HCl oxidation reaction (Deacon process). These
experiments provide compelling evidence that H insertion
into rutile Ru, ;Ti, 70, promotes oxidation catalysis. It should
be noticed that inserted H modulates the catalytic activity
without participating directly in the catalytic reactions.

Total oxidation of propane. In the catalytic tests, the
propane oxidation reaction is conducted at 170 °C with a
reaction mixture of 1% C3;Hy and 5% O, that is balanced by
94% N,. Ru_30_250R turns out to be significantly more active
than Ru_30 (¢f. Fig. 7a). In pure oxygen, inserted hydrogen is
only thermally stable up to 50-100 °C. However, under
propane oxidation condition, the hydrogenated catalyst is
stable during steady state reaction at 170 °C. Obviously, the
hydrogen concentration at the surface produced by H
abstraction during catalytic propane decomposition is
sufficiently high so that dissolved hydrogen does not
experience differences in chemical potential that drives bulk-
H towards the surface.

The activity in propane oxidation over Ru_30_250R
decreases, however, in the second temperature cycle (cf
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Fig. 7a). As the catalyst runs stably in the first cycle at the
reaction temperature of 170 °C, we infer that the catalyst
Ru_30_250R undergoes deactivation only during temperature
ramping. Important for the stability of inserted H is that the
surface is continuously supplied by hydrogen from the
propane activation. Since propane dissociation is activated,
the reaction mixture is at low temperature net oxidizing and
only if the temperature is high enough to allow for propane
activation (around 100 °C as reflected by an ignition
temperature of 100-150 °C (ref. 47 and 48)) the reaction
mixture turns into a less oxidizing reaction mixture for the
catalyst. Therefore, during the heating and cooling ramp the
catalyst is exposed to a reaction mixture that is not able to
supply enough hydrogen to the surface (temperature range:
50-100 °C), while the temperature is high enough to loose
inserted hydrogen by water formation due to oxygen in the
feed. This interplay results in the observed depletion of
inserted hydrogen and the observed activity decline.

To overcome this H-depleting scenario, H, is deliberately
supplied during temperature ramping and only if the reaction
temperature is reached, the feed is switched to the reaction
mixture propane + O,. With this “trick” the high concentration
of inserted H concentration in Rug;Tip -0, can be stabilized
and the catalytic oxidation activity for propane keeps high and
stable (¢f Fig. 7b). As demonstrated in Fig. S14% it is not
necessary to start the catalytic tests from Ru_30 250R, but
rather the hydrogen insertion step of Ru_30 can be carried out
in situ in the reactor to achieve high activity in total oxidation of
propane.

HCl oxidation reaction (deacon process). The Deacon
reaction allows to recover Cl, from omnipresent HCl waste
produced in chemical industry.**** Sumitomo Chemical
developed a RuO, based catalyst that is supported on rutile-
TiO,. Currently, this catalyst is the only commercialized one
that can cope with the harsh reaction conditions, being
sufficiently stable and active.”®

The Ru_30 catalyst turns out be active and stable under
the reaction conditions (7 = 250 °C, 20% HCI, 10% O,,
balanced by Ar), ie., it does not loose activity during time on
stream (¢f Fig. 9, first cycle). Next, we expose Ru 30 to 4%
H,/Ar for 3 h, thereby transforming in situ the catalyst to
Ru_30_250R. The advantage of the in sity hydrogen treatment
is that the catalyst bed, the BET surface area, and other
parameters are maintained that are important for the
reaction kinetics. This allows for a direct activity comparison
of Ru_30 with Ru_30_250R. For the H-treated catalyst, the
activity is significantly higher than for Ru_30 and the catalyst
runs stably after 3 h on stream (¢f Fig. 9, second cycle).
Cycling between activation by hydrogen und deactivation by
oxygen switches reversibly the catalytic activities between that
of Ru_30 and Ru_30_250R. HCI is readily activated on this
catalyst by an acid-base reaction®' so that a sufficient
concentration of hydrogen is supplied to the surface under
reaction conditions, thereby stabilizing a high concentration
of inserted hydrogen. This explains the stable activity of
Ru_30_250R after 3 h on stream. We emphasize that in situ
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hydrogenation of Ru_30 needs to be carried out only once
prior to the actual Deacon reaction.

4.4 H-Induced activity enhancement

The increased activity can be traced to the modification of
the electronic structure of Ru, ;Ti, -0, due to H insertion. We
can safely assume that inserted hydrogen is not taking place
in the catalytic cycle, since we focus here only oxidation
reactions in the catalytic tests. Both H insertion itself and the
H-induced changes of lattice parameters (¢f XRD in Fig. 2)
can lead to electronic modifications of Rug;Ti,-0,. The
electronic structure is directly affected by H insertion as
reconciled with the binding energy shift of the satellite
feature in Ru3d. As the satellite feature is assigned to
plasmon excitation,** the observed shift to lower binding
energies can be explained by a reduced valence electron
density in Ruy 3Tip70, due to hydrogen incorporation.

However, H-insertion leads also to strain in the lattice of
Ru, 3Tiy 70, that can modulate the activity. For instance, the
hydrogen-induced compression of the Me-Me bonding of
Ru_30_250R along the [001] direction as observed in XRD (cf
Table 1) will lead to broader d-band features in the valence
band structure that may change the activity.”* > Here further
ab initio studies are required to comprehend on the effect of
H insertion in Ru, ;Ti, -0, on the catalytic oxidation activity.

It is known that strain can aid to improve the performance
of a catalyst such as reported recently for the oxygen
evolution reaction (OER) when Li was inserted into Ru0,.””
Here lithiation maintains the rutile structure of RuO,, but
reveals a slight expansion of the lattice parameters. Similar
effects are expected when hydrogen is incorporated in Ru_30
for the OER, especially since the induced strain is
substantially larger than for lithiation. Therefore, exposing
the mixed oxide catalyst Ru_30 to H, may be a viable option
to (in situ) engineer lattice strain in the catalyst.

In general, a catalyst promotor affects the rate limiting
step in a catalytic reaction. For the Deacon reaction, where
the final recombination of surface chlorine to form gaseous
Cl, is considered to the rate determining step,”®”” we expect
that inserted hydrogen will likely reduce the adsorption
energy of chlorine. For the case of the total oxidation of
propane, both the C-H and the C-C activation are critical
steps®* ™ that are promoted by inserted H in Ru_30.

5. Conclusion

We introduce a general and rational synthetic approach to
allow for substantial hydrogen incorporation into the lattice
by mixing a reducible oxide with a less reducible oxide.
This approach is exemplified with the solid solution of
RuO, and TiO,. Upon hydrogen exposure at elevated
temperatures, RuO, is not stable and transforms to
metallic Ru, while TiO, is not able to incorporate hydrogen
into the lattice. A strong synergy effect is established when
mixing RuO, with a less (or non) reducible rutile-TiO,. It is
shown that the rutile structure of mixed Ru,;Tiy-0, is
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stable against H, exposure at 250 °C and can readily
incorporate 17.6 mol% hydrogen into the rutile lattice,
thereby changing slightly the lattice parameters. Inserted
hydrogen is likely to be a hydride species since the
oxidation state of Ti and Ru in Ru,;Tiy;0, is preserved in
the 4+ oxidation state and no additional OH is formed.

For both catalytic oxidation reactions, total oxidation of
propane and the HCI oxidation reaction, we demonstrate that
the activity is substantially enhanced by H insertion, and the
bulk hydrogen concentration is largely preserved under
temperature conditions under which hydrogen would have
left the oxide bulk, without the catalytic reaction taking place.
We anticipate that hydrogen incorporation in mixed oxides
may open exciting perspectives as catalysts for the selective
hydrogenation of organic compounds. However, hydrogen
incorporation in mixed oxides may also be beneficial for
electrocatalysis, in particular for the anodic reaction of acidic
water electrolysis where strain engineering has already been
shown to improve the activity for instance of rutile IrO, (ref.
61) or Ru0,.””

With bulk incorporation of hydrogen either in a
pretreatment or in an in situ step, we have an additional
handle to control the activity of a mixed oxide catalyst. This
approach may be of general interest in catalysis research and
inorganic chemistry to fine-tune properties of (mixed) oxides.
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3. Conclusion and Outlook

The present Ph.D. thesis presents the fundamental research on the rutile-phase ruthenium-
titanium mixed oxides with varying compositions, aiming to explore the potential for hydrogen
incorporation into the lattice and its effect on thermal catalysis such as propane oxidation and
HCIl oxidation reactions. Initially, we prepare the mixed ruthenium-titanium oxide material with
varying concentration x of Ru (Ru_x) by a conventional sol-gel method. Thereafter, the Ru_x
catalysts undergo pretreatment under hydrogen at 250 °C, after which their activity and stability
are evaluated in propane oxidation reaction. Furthermore, Ru 30 sample is chosen to
investigate the structural changes by hydrogen exposure at elevated temperatures. In order to
understand the promotional effect of hydrogen insertion during the catalytic process, dedicated
in-situ hydrogen/air treatment experiments are conducted during propane oxidation and HCI

oxidation tests. The main conclusions are as follows.

Ru,Ti1-O; catalysts prepared by classic sol-gel method reveals a clear miscibility gap in a wide
composition range. Ru_x consists of pure RuO» and a well-mixed Ru,T11.xO2 when x is below
70%, while additional metallic Ru is formed for higher concentrations of Ru. The specific
surface area increases with an increase in the concentration of Ti. The Ru 3d satellite features
in XPS monotonically shift to lower binding energies with lower Ru concentration, pointing to
a reduced valence electron density. Based on extensive characterizations, the rutile structure as
well as the oxidation states of Ru*" and Ti*' can be preserved after hydrogen exposure at 250 °C,
while a certain amount of hydrogen can be incorporated into the lattice. Base on the XPS data,
we infer that the inserted hydrogen is a hydride species (H), which can be readily removed by
increasing the temperature in the ambient atmosphere. Propane oxidation activity data indicates
that H insertion is beneficial for the oxidation catalysis of propane, with the optimum catalyst
being identified with Ru_60 250R. The inserted hydrogen does not take place in the catalytic
cycle, and an altered electronic structure induced by hydrogen may be the reason for the

increased activity.

The Ru_30 sample is chosen for further studies, since the specific concentration of Ru of 30
mol% is comparable with the Ru concentration of dimensionally stable anodes (DSA) employed
in the large-scale industrial process of chlorine evolution reaction. As derived from the
characterization by XRD and XPS, Ru_30 is not phase pure but consists of 21 mol% RuO> and
79 mol% Ruo3Tio702 solid solution. The Ruo3Tio.7O2 solid solution phase can successfully

incorporate 17.6 mol% hydrogen into the rutile lattice after hydrogen treatment in 4% Ho/Ar.
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Quite in contrast, pure RuO; is not able to incorporate hydrogen under hydrogen exposure of
but transforms into metallic Ru, while rutile TiO: is kinetically stable and does not allow for
hydrogen absorption at 250 °C. Therefore, according to our study, mixing Ru with a non or less
reducible oxide like Ti could be a general approach to incorporate hydrogen into the RuO»-
based materials. The activity data in both propane oxidation and HCIl oxidation reaction
demonstrate that for hydrogen-incorporated Ruo3Tio.70> the catalytic performance in oxidation
catalysis is improved substantially. Hydrogen-induced lattice strain in Ruo3Tio7O2
accompanied by altered electronic properties is likely to be the reason for the observed
enhanced catalytic activity. The stabilization of hydrogen in the rutile lattice during oxidation
reactions could be achieved by the following two-step strategy: First, since hydrogenation of
Ruo3Ti0.702 1s very efficient at 250 °C, we apply (in situ) the very same hydrogen treatment
also in the reactor during ramping the temperature up to the desired reaction temperature. In
this way, we can reach the reaction temperature without losing hydrogen. Secondly, we choose
specific oxidation reactions (HCI and propane oxidation) as test reactions where the catalyst
surface is continuously supplied with hydrogen. Therefore, dissolved hydrogen does not
experience a driving force to diffuse towards the surface, thus stabilizing the inserted hydrogen

in the lattice of the mixed oxide.

According to the above-mentioned investigations of hydrogen-incorporated Ru,Tii-xO2

catalysts, some interesting issues may be studied in the future:

1. Strain engineering has been considered a promising way to tune the catalytic activity. In the
present study, hydrogen treatment at 250 °C can induce substantial lattice strain in Ru-Ti mixed
oxide systems which strongly enhances the catalytic activity, while the mild re-oxidation
treatment can recover most of the strain, leading to the activity decrease in both propane and
HCI oxidation reactions. However, a direct correlation of strain with activity is not evident for
Ru x 250R and needs further studies. In doing so, a simpler catalyst model needs to be
established with less variant parameters but only the lattice stain. The sol-gel method applied
in the present study does not produce single-phase Ru-Ti mixed oxides, hence the synthesis

method needs to be further optimized.

2. In the current study, the inserted hydrogen is considered to be a hydride species by excluding
the existence of proton and elemental hydrogen species. However, the exact state of hydrogen
needs to be clarified by state-of-the-art characterization methods such as Neutron powder

diffraction (NPD) and infrared reflection absorption spectroscopy (IRAS).
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3. The present study shows the promotional effect of hydrogen in oxidation catalysis, but it is
also meaningful to explore its potential application in catalytic hydrogenation reaction or water
splitting reactions like OER and HER. In the former case, the inserted hydrogen can directly
participate into the reaction as the active component, while in the latter case the reaction
temperature is less intensive (laboratory electrochemical testing is normally conducted at room
temperature, while industrial electrolyzers are run at temperatures around 80 °C for both acidic
and alkaline conditions.), so that the incorporated hydrogen could be safely preserved in the
lattice without continuous supply. In fact, the hydrogenated Ru 30 and Ir 30 catalysts are

currently being tested and studied in OER in our group.
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Figure S1: Decomposition of the (110) (a) and the (101) (b) reflection of Ru_x as a function of composition x in
order to extract lattice parameters of the mixed phase.
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Table S1: Calculation of grain size and microstrain of Ru-Ti mixed oxides catalysts by Williamson-Hall method.

Catalysts st (S;j;)E,RuOZ) l\/l(l;l:gt:’)e;m GTE}I.HI.]) 5(1;[155 Y Microstrain (Ru-Ti)®
Ru_100 25.87 0.0020 = -
Ru_90 29.17 0.0020 50.78 0.0020
Ru 80 36.08 0.0020 19.87 0.0004
Ru_70 54.85 0.0020 14.14 0.0006
Ru 60 72.16 0.0020 9.79 0.0008
Ru_50 137.11 0.0006 7.21 0.0002
Ru_40 114.26 0.0020 9.79 0.0040
Ru 30 72.16 0.0005 12.46 0.0020
Ru 20 69.15 0.0004 11.56 0.0002

a: Determined by Williamson-Hall method from the (110), (101), (020) and (111) reflections of RuO- phase.
b: Determined by Williamson-Hall method from the of (110), (101), (020) and (111) reflections of Ru-Ti mixed oxide phase.
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Table S2: Optimized fitting parameters for the deconvolution of Ru 3d, Ru 3p, Ti 2p and O Is photoelectron
spectra used in our study.

Ru3d-5/2 Ru3d-5/2 sat Ru3d-372 Ru3d-3/2 sat Ru3d-5/2 metal Ru3d-3/2 metal
Line shape LT (04,1,45,280) LT (0.4, 1,45,280) ¥ (‘;:m' 4, 2 (Ozgu)‘ 43, L ("2“'5'0')’ 400; e g(')'é{‘j'é)'zs'
BE BE BE BE BE - BE BE
Cat. V) FWHM =) FWHM V) V) FWHM V) FWHM ) V) FWHM
Ru 100 280.72 0.71 282.69 1.81 284.89 1.32 286.86 243 - - - -
Ru_9%0 280.74 0.70 282.62 1.81 284.91 1.39 286.79 253 - - - -
Ru_80 280.77 0.71 282.56 2.08 284.93 1.24 286.73 2.51 - - - -
Ru_70 280.69 0.72 282.50 207 284.86 1.43 286.67 233 - - - -
Ru_60 280.72 0.78 28246 2.03 284.89 1.36 286.63 248 - - - -
Ru_50 280.69 0.76 28242 212 284.86 1.31 286.59 249 - - - -
Ru_40 280.84 0.79 282.38 1.88 285.01 1.29 286.64 2.29 - - - -
Ru_30 280.84 0.82 282.34 1.89 285.00 1.30 286.51 2.26 - - - -
Ru_20 280.90 0.93 282.31 1.86 285.12 147 286.48 2.30 - - - -
Ru_60_250R 280.83 0.85 281.59 1.89 285.00 1.22 285.75 2.10 280.25 0.58 284.42 0.95
Ru_60_250R_3000 280.80 0.74 28243 2,05 284.97 1.29 286.60 2.1 280.28 0.68 28445 0.95
Ru3p-3/2 Ru3p-3/2 sat Ru3p-1/2 Ru3p-1/2 sat Ti2p-3/2 Ti2p-3/2
Line shape LF(1. 1,45, 280) LF(1,1.45,280) LF(1, 1, 45, 280) LF(1. 1. 45, 280) GL(30) GL(30)
Cat. (E‘Jj} FWHM (135) FWHM (]:\l;) FWHM (E‘J;) FWHM :‘Jj) FWHM (J:\l}:) FWHM
Ru_100 462.51 2101 465.26 4.34 484.91 a2 487.60 5.07 - - - -
Ru_90 462.32 2.88 465.15 4.0 484.72 3.10 487.50 4.30 45832 1.65 464.02 2.0
Ru_80 462.36 311 464.99 3.64 484.76 330 487.39 3.80 45835 1.56 464.05 2.35
Ru_70 462.21 3.00 464.86 4.10 484.01 3.26 487.26 4.30 458.26 1.62 463.96 220
Ru_60 462.19 2.85 464.75 3.90 484.59 333 487.15 4.42 458.27 1.61 463.97 2.16
Ru_50 462.20 3.10 464.70 4.00 484.60 3.24 487.10 4.20 458.25 1.52 463.95 222
Ru 40 462.20 297 464.60 3.61 484.61 323 487.06 4.00 458.59 1.53 464.29 231
Ru_30 462.18 3.00 464.46 3.81 484.58 3.20 487.00 4.08 458.53 145 464.23 223
Ru_20 462.19 3.08 464.41 3.90 484.69 3.50 486.81 4.08 458.33 1.37 464.03 2.20
Ru_60_250R 461.73 2.90 463.76 4.10 484.13 2.90 486.16 4.15 458.27 1.33 463.97 2.29
Ru 60 _250R_3000  462.09 3.09 464.56 4.11 484.49 3.10 486.96 4.11 458.27 1.41 463.97 217
O-1s OH/Oxygenated carbon
Line shape LF(0.37.1.2,25,110) GL(30)
Cat. BE (eV) FWHM BE (eV) FWHM
Ru_100 529.21 1.01 531.98 290
Ru_%0 529.28 1.0 531.84 2.40
Ru 80 520.34 1.02 531.90 L40
Ru_70 52926 1.05 531.55 1.30
Ru_60 329.28 1.06 331.83 1.28
Ru_50 529.25 1.03 531.91 L17
Ru_ 40 529.56 1.06 531.99 Lo4
Ru_30 529.54 1.04 531.91 0.80
Ru 20 52939 0.98 531.87 0.96
Ru_60_250R 529.56 1.06 531.87 L19
Ru_60_250R_3000Q 529.37 0.99 531.78 1.39
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Figure S6: Deconvolution of Ru 3d XP spectra of freshly prepared Ru_x catalysts.
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flow: 50 scem/min. When reaching 150 °C, the gas composition is switched to the reaction mixture (grey
background).
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Figure S1: Lattice parameters of rutile TiO>, RuO; and RuTiiO2 of Ru_30, as derived from the peak
deconvolution of rutile (110) and rutile (101). Assuming the validity of Vegard’s rule, the composition x of RuyT1,.
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Figure S2: High resolution bright field (BF) images of Ru_30. EDS mapping images are also presented on the
right: green = Ru; magenta = Ti; yellow = O, indicating the presence of big RuO, particles supported on an
otherwise mixed Ru,Ti;xOn; x = 26 + 4 mol%.
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Table S1: Optimized fitting parameters for the deconvolution of Ru 3d, Ru 3p, Ti2p and O 1s of used in our study.

Ru_100 Ru_30 Ru 30 250R __ Ru 30 250R 3000
BE (eV) Ru3d-5/2 280.7 280.8 280.8 281.0
FWHM 0.71 0.82 0.85 0.85
Line shape LF (0.4, 1, 45, 280)
BE (eV) Ru3d-3/2 284.9 285.0 2849 2852
FWHM 132 1.30 1.12 1.31
Line shape LF (0.4, 1, 45, 280)
B ("'V)S;“M'w 282.7 2823 281.6 282.5
FWHM 1.81 1.89 1.51 1.88
Line shape LF (0.6, 1, 45, 280)
BR (ev)sft““'m 286.9 286.5 285.8 286.7
FWHM 243 2.26 2.34 2.28
Line shape LF (0.6, 1, 45, 280)
BE (¢V) Ru3d-5/2 ] ] — —
metal
FWHM - - 0.60 0.71
Line shape LF (1.2, 1, 400; 280)
BE (eV) Ru3d-3/2 ] i _— -
metal
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Figure $6: HR-TEM images of Ru_30, showing the plane distance d = 3.3 A, which is shorter than the d-spacing
of Ru_30 250R shown in Fig 3¢, indicating a lattice expansion along (110) direction after hydrogen treatment at
250 *Cq
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Figure S7: High resolution bright field (BF) images of Ru_30_250R with metallic Ru particles. EDS mapping
images are also presented on the right: green = Ru; magenta = Ti; yellow = O.
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Figure S8: XRD diffraction from Ru_100 (a) and pure rutile TiO; (b) before and after reduction treatment with
4%H»/N> at 250 °C.

Table S2: Microstrain and crystallite size of different catalysts determined by Williamson-Hall method.

Catalyst Microstrain Crystallite size (nm)
Ru 30_250R 0.0120 12.2+3
Ru_30_250R_500 0.0063 11.5+4
Ru 30 250R_1000 0.0020 1221
Ru 30 250R 2000 0.0013 11.9+1
Ru_30_250R_3000 0.0005 11.2=1
Ru 30 250R_H: 3 cycles 0.0070 13.1x4
Ru 30 250R _CsHg 3 cycles 0.0020 13.8+3
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Figure 89: XRD patterns of Ru_30 catalysts after calcination in hydrogen at 250 °C and re-oxidation at 450 °C
for three cycles.

Table S3: Optimized peak deconvolution information (cf. Figure 3) of Ru_30 catalyst treated in Hx/N> at different
temperatures.

Rutile 110
Catalyst Component (red) Component (green) RuQO: (blue)
Pos. FWHM Area Pos. FWHM Area Pos. FWHM Area

Ru 30 - - - 2771 0.64 0.80 28.23 0.17 0.12
Ru 30 150R - - - 27.75 0.54 0.73 28.21 0.18 0.10
Ru 30 170R  27.11 0.89 0.31 27.70 0.69 0.73 28.22 0.19 0.09
Ru_30_190R  26.90 0.60 0.28 27.48 0.90 0.97 - - -
Ru 30 210R 2991 041 0.14 27.19 1.06 0.99 - - -
Ru_30 230R  26.92 0.36 0.06 27.20 1.06 1.04 - - -
Ru 30 250R - - - 27.20 1.10 1.22 - - -

Rutile 101
Catalyst RuO; (blue) Component (green) Component (red)
Pos. FWHM Area Pos. FWHM Area Pos. FWHM Area

Ru_30 35.27 0.22 0.13 35.92 0.70 0.45 - - -
Ru_30_150R  35.25 0.23 0.11 35.88 0.63 0.45 - - -
Ru_30_170R  35.26 0.23 0.08 35.93 0.64 0.44 36.50 0.85 0.20
Ru 30 190R - - - 36.06 0.79 0.67 36.65 0.83 0.18
Ru_30_210R - - - 36.24 0.90 0.63 36.92 0.66 0.13
Ru_30_230R - - - 36.24 0.89 0.60 36.83 0.50 0.09
Ru 30 250R - - - 36.24 1.04 0.71 - - -
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Figure S10: TGA-MS raw data of Ru_30 250R and Ru_30 250N. The catalyst is heated from room temperature
to 500 °C under 30 mL/min of dry air. Mass spectrometry (c, d) is used to monitor the gas composition during the
heating ramp. After peak deconvolution of H>O signal (m/z = 18) (cf. Figure 4), the amount of inserted hydrogen
is calculated by the difference of the integral area of H>O. The amount of inserted hydrogen is also counterchecked
by the difference of the weight loss in TG (a, b), the estimated H% is 18.3%, which is very close to the value
calculated by the MS data (17.6%).
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Figure S11: TGA-MS raw data of Ru_30_450R and Ru_30_450N. The catalyst is heated from room temperature
to 500 °C under 30 mL/min of dry air. Mass spectrometer (c, d) is used to monitor the gas composition during the
heating ramp. ) The amount of inserted hydrogen is calculated by the difference of the integral area of H>O,
indicating lower incorporation of hydrogen into the lattice (6.6 mol%) than for Ru_30 250R (17.6 mol%).
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Figure S12: XPS-Ti 2p for fresh Ru_30 in comparison to hydrogen treated sample and the re-oxidized one.

Figure $13: XPS-Ols for fresh Ru_30 in comparison to hydrogen treated sample and the re-oxidized one.

LY N/

Ru 30 ZSOR 2000 Sy @
,,.,,..M«' \“?Q.ﬁ_wjr

Ru_. 30 250R 1%

Ru W ZSGR P ey, W %

470 465 460 455 450

Binding energy (eV)

Intensity (a.u.)

Ru_30_250R_4500
e S S

oot

Ru _30, 250R 3000

Ru_30_250R_ 2000 ,m

e T

Ru_30

&
o
[

0
e

o

f)l
o

(

]

r,":\. Q.
(2]

R
)

A Ols
°
&
1 D\
T S,
b
b
\
&
N

538

536 534 532 530 528 526 524

Binding energy (eV)

-S89 -



88

Temperature (°C)

STY[mol(CO,)/(Kg(eao*h)]

200

9 T
150
6 -
100
34 ‘
i ‘ 50
0 .- Ru_100
T T 1 r =~ I = T & F & & " 0
0 5 10 15 20 25 30 35 40

ime on stream (h)

Figure S14: STY as a function of reaction time on catalytic propane combustion over a) Ru_30 and b) Ru_100
when measured for 3 cycles at 170 °C (blue dotted line). Before switched to the reaction mixture the catalyst is
exposed to different gas atmosphere during the heat ramping: first under reaction mixture, followed by reduction
under 4% Ha/Ar for 3 hours, and last pretreated under air for 3 hours. The grey background represents total C3Hg
oxidation reaction conditions: 1 vol% Cs;Hg, 5 vol% O, balanced by N3; total volume flow: 100 scem/min,
temperature ramp: 1 K/min. The green background represents the gas mixture during heating and cooling stage:
4% Ha/Ar, total volume flow: 50 sccm/min. The yellow background represents the gas mixture during the heating
and cooling stage: Air, 50 scem/min.
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Figure S15: XRD data before and after cyclic experiments at 250 °C for Ru_30. HCI oxidation reaction conditions:
3 scem HCL, 1.5 scem O», balanced by Ar; total volume flow: 15 sccm/min. The XRD patterns of fresh Ru 30,
Ru 30 250R and Ru 30 250R 3000 are also presented as reference; the dotted lines are guiding lines to follow
the shift in 26 Here Ru_30_H:_2 cycles means the catalyst after 2 cycles (2 in-situ treatments under hydrogen and
then switched to reaction mixture) of Deacon tests and finally cooled down under 4% Ha/Ar.
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Figure S16: Catalytic HCI oxidation test of fresh Ru_100 sample in comparison to that of Ru_100_250R at 250 °C.
Ru_ 100 250R is about one order of magnitude less active in HCI oxidation than Ru_100. Reaction conditions: 3
sccm HCI, 1.5 scem O, balanced by Ar; total volume flow: 15 sccm/min.
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Figure S17: Catalytic HCI oxidation test at 250 °C (a) and propane oxidation test (b) of 30 mol% RuO»/TiO; rutile
catalyst, the benchmark catalyst, however with similar Ru loading as Ru_30 in comparison with catalytic tests of
Ru_30 and Ru_30_250R. Reaction conditions for HCI oxidation: 3 sccm HCI, 1.5 scem Oy, balanced by Ar; total
volume flow: 15 sccm/min; Reaction conditions for propane oxidation: 1 vol% C3Hs, 5 vol% O,, balanced by No;
total volume flow: 100 scom/min, temperature ramp: 1 K/min. 30 mol% RuO»/TiO_rutile catalyst is prepared by
incipient wetness impregnation method and calcined at 450 °C for 4 h.
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4.3 List of Abbreviations

DSAs dimensionally stable anodes

DPC differential phase contrast

DFT density functional theory

EDS energy dispersive spectroscopy

HER hydrogen evolution reaction

HR-TEM high resolution transmission electron microscopy
HAADF-STEM high-angle annular dark-field scanning transmission electron microscopy
HRCLS high-resolution core-level shift

INS inelastic neutron scattering

IRAS infrared reflection absorption spectroscopy
LEED low-energy electron diffraction

L-H Langmuir-Hinshelwood

LPG liquid petroleum gas

M-K Mars van Krevelen

NPs nanoparticles

NPD neutron powder diffraction

OER oxygen evolution reaction

OSC oxygen storage capacity

PGAA prompt gamma activation analysis

PM particulate matter

STY space time yield

SEM scanning electron microscopy

SMSI strong metal support interaction

TG-MS thermogravimetric mass spectrometry
TEM transmission electron microscopy

TDS thermal desorption spectra

TAP temporal analysis of products
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UHV

WDS

XRD

XPS

ultra-high vacuum
wavelength dispersive X-ray spectroscopy
X-ray diffraction

X-ray photoelectron spectroscopy
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