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1.1. Outline

This thesis is dedicated to the preparation of catalytic nanomaterials and nanocomposites with well-
defined morphological properties, aiming at establishing a so-called structure-activity correlation for a
given reaction, namely the oxidation of carbon monoxide (CO). Colloidal synthesis was applied as the
main route to prepare the desired nanocrystals (NCs) which were then deposited on a number of
supports to prepare the catalysts. The catalytic properties of these materials were then evaluated in CO
oxidation as a model reaction. The NCs and catalysts were extensively characterized by many
advanced technique to build up a relationship between the properties of the materials and their catalytic
function. Within this context, the basics of the colloidal chemistry will be firstly discussed in this
chapter, followed by a general description of the applied experimental methods and a brief summary
about the results and achievements of the present thesis work. In the next chapters of the thesis, the
finalized results regarding catalytic applications and structure-activity correlations for a number of NCs

are be reported.

1.2.Colloidal Synthesis: Basic Principles

Colloidal synthesis is among the established procedures to produce NCs with outstanding properties
for wide range of applications in the fields of electronics [1], biology [2,3], energy [4,5] and data
storage [6], chemical conversion [7] and etc. The synthesis is typically done in presence of an organic
medium containing the chemical precursors, solvents, ligands and/or reactive agents to initiate,
terminate or generally speaking to manipulate the formation of the NCs from the precursors. It should
be mentioned that in this system, the same component can have multiple roles, acting as a solvent, as
stabilizer or as a reducing agent of the metal precursors [8]. The process of colloidal NCs formation can
be thought as an inorganic polymerization: in this process the monomers are formed from the chemical
transformation of precursors, occurring either by their thermal decomposition or by the addition of a
secondary chemical agent. The formation process includes the initial formation of seeds i.e. nucleation
followed by the subsequent growth by further attachment of the monomers present in the synthesis
mixture. The growth step is greatly affected by the organic surfactants which act as stabilizing,

directing or capping agents bounded to the surface of the formed NCs [9].
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Figure 1. The growth rate vs NCs size and depiction of size distribution focusing; Reprinted by permission from

Macmillan Publishers Ltd: Nature, [9], Copyright (2004).

By the help of colloidal synthesis, it is practically possible to design and synthesize uniform NCs
with fascinating properties through controlling their composition and morphological aspects such as
size and shape. Each of these features can be tuned by the manipulation of the synthesis conditions in
the kinetically-controlled NC growth of the colloidal synthesis method. For instance, to control the size
it is important to keep the conditions in a way to have a so called focusing synthesis mode. This mode
is practically defined by the concentration of the monomers in solution. Indeed, at any given
concentration of the monomer, a critical size for NCs growth exists. If the concentration is high, the
critical size is small and all the NCs grow in a way that the smaller particles would grow faster than the
larger ones. Therefore and as a result of different growth rate of the particles having different size, the
final NCs’ sizes would converge to a similar value, and the distribution would be narrower. This is
referred to as the focusing mode. On the opposite, if the monomer concentration is below a critical
threshold, the smaller NCs will be dissolved and recrystallized onto the larger particles and as a result,
the size distribution would be broader. Obtaining nearly monodisperse particles would be achieved then
by terminating the synthesis while it is under the focusing regime. Indeed, if the reaction is not
terminated, all particles will eventually continue to grow at the same rate causing the broad size
distribution to be maintained. These two modes are depicted in Figure 1. It should be noted that
depending on the termination point of the reaction, there could be still some or many monomers left in

the system that would affect the yield of the synthesis.



The control of NCs’ shape is usually achieved by means of the so-called capping agents. Exploiting
the different affinity of the same molecule to different facets of a NC, enables the control of the growth
rate at targeted facets. There are several strategies to manipulate the shape of the colloidal NCs as
graphically illustrated in Figure 2. Generally speaking, the high-energy facets grow faster than low
energy facets in a kinetic regime (Figure 2a). However, a ligand with different adhesion properties to
different facets can be used to selectively manipulate the growth rate at the targeted facet, resulting in
the formation of rod- or disk-shaped nanocrystals (Figure 2b). Sequential elimination of high energy
facets could result in more complex shapes. The persistent growth of an intermediate-energy facet
eventually eliminates the initial high-energy facet, forming complex structures (Figure 2c). Finally, in
case of having more than one crystal structures, surface energies of the facets of different NCs can be
manipulated to favor the attachment of targeted facets and obtain more complex nanostructures such as

tetrapods Figure 2d.
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Figure 2. Illustration of different NCs shapes obtained from colloidal synthesis. The yellow and green dots in a and b
represent metal coordinating groups with different affinities to nanocrystal facets; Reprinted by permission from Macmillan

Publishers Ltd: Nature, [9], Copyright (2004).

1.3. Application of Colloidal NCs in Catalysis

Among the many applications of the colloidal NCs that have been explored, catalysis is of great
importance. Heterogeneous catalysis is among the earliest known applications of nanomaterials,
although this has been clearly recognized only few decades ago. Indeed, in the design and application

of this class of materials, one deals with the manipulation of materials at nanoscale. There are a number



of nanoscale properties that influence the performances of heterogeneous catalysts. For instance, the
metal-support interaction or the size of the metal active sites in metal supported catalysts are among the
nanoscale properties defining the final catalytic performance. In addition, the sintering of the metallic
active sites during the catalyst activation or even the course of reaction is among the phenomena
occurring at nanoscale which should be thought of and carefully examined in the design and
application of the heterogeneous catalysts. In the field of catalyst synthesis, one aims for a specific
composition and structure of synthesized materials, which in turn define the desired specific catalytic
properties in terms of activity, selectivity, and stability [10-12]. However, conventional methods for
catalyst preparation typically result in a material with a relevant level of inhomogeneity in terms of

properties at nanoscale.

Take the case of metal supported catalysts for instance. Such catalysts have been typically comprised
of micrometer-sized grains of support with high surface area (metal oxides, active carbon, zeolites and
etc.), decorated with clusters or nanosized metal (and/or metal oxide) domains as the active sites [13-
18]. In this class of materials, the activity is significantly defined by the size, shape, dispersion and
interaction of the metal species with the support. However, the conventionally-prepared industrial
catalysts usually consist of metal nanoparticles with considerable variations in size and shape, which
makes it difficult to understand the fundamental catalytic properties of such materials [19]. More
specifically, in case of the Au catalysts for CO oxidation and despite of numerous studies, it is still
debated what really controls the activity of the catalysts. The accurate and precise analysis of the origin
of CO oxidation activity is indeed a challenging task considering the vast structural transformations
that the support and the Au active species can undergo during the preparation and/or activation of the
catalyst [20]. Moreover, it has been shown that the observed activity of the Au catalysts can be mainly
related to the presence of sub-nanometer Au species on the support, not observable by traditional
imaging techniques [21], which can result in an increase in the population of low-coordinated Au atoms
subsequently enhancing the activity [22]. On the other hand, the interaction of the metals with the
support and the position at which the former one is interacting with the latter one (e.g. kinks, steps,
terrace and etc.) are also greatly responsible for the catalytic properties. This parameter has also a huge
variance in case of traditional catalysts. The situation can become even more complicated if the support
itself is active in the reaction and participates in the reaction pathways. This phenomenon can happen
for example in the case of reducible supports used in the preparation of oxidation catalysts. Last but not

least is the fact that the active sites can be transformed during the reaction itself, and their structural
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properties might be altered upon exposure to different environments [10,23]. This is very important for
example in case of bimetallic catalysts, as the surface chemistry of the active sites is directly related to
the local elemental coordination of the mixed species in the system under reactive environment.
Therefore, it is very important to develop reliable model catalysts for fundamental understanding of the

catalytic properties.

In the attempt to understand and rationalize the catalytic properties of materials, single crystal
surfaces have been used for a long time as model systems [24]. However, the deviation from the real
case is considerable using these systems. More importantly, using single crystal as model catalyst we
can only study the nature of the surface chemistry of the metal active sites while their interaction with
the support as well as their size effects are substantially neglected or anyway intrinsically limited. The
application of colloidal synthesis methods in the catalyst preparation, on the other hand, provides a
unique tool to study in details the properties of metal active sites. [12,25]. These methods offer indeed
the possibility of: (a) size and shape tuning to study the effect of size and find about the most active
facet of the NCs, (b) composition tuning for evaluation of the synergies between different constituents
especially in case of bimetallic or composite catalysts, and (c) design of architecture for careful
examination of metal-support interaction. The successful application of colloidal chemistry and NCs as
model systems in studies related to catalysis have been already reported in literature. Few examples are

given hereafter.

Studying the effect of the NCs size by means of colloidal chemistry, Kuhn et al. [25] have prepared
mesoporous SBA-15 supported Pt NCs from 0.8 to 5 nm and evaluated their activities in the
hydrogenation of pyrrole, a cyclic unsaturated N-containing compound. They observed that ring
saturation and ring opening reactions can take place using this catalyst. The latter was largely favored
in presence of the larger NCs, thus affecting the selectivity for the desired product (see Figure 3). The
shape dependency of the activities for a similar catalysts and reaction has been also reported by Tsung
et al [26]. In another work, Kang et al. [27] have studied the shape effect of monodisperse Pt
nanocrystals by synthesizing different morphologies, including octahedra, icosahedra, cubes, truncated
cubes, cuboctahedra, spheres, tetrapods, star-shape octapods, multipods (see Figure 4) and further
examined their properties in electrocatalysis, CO oxidation, and liquid-phase electron transfer reaction.
They demonstrated that high quality Pt NCs which selectively expose “111” or “100” facets are the

ideal model catalyst for such reactions.
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Figure 3. Effect of Pt size on selectivity in pyrrole hydrogenation; Reprinted with the permission from [25]. Copyright

(2008) American Chemical Society.

Figure 4. TEM images of Pt NCs with different shapes; Reprinted with the permission from [27]. Copyright (2013)

American Chemical Society.

Regarding the effects of compositions, Kumar et al. [28] have successfully prepared AgNi alloy NCs,
with different compositions but all having 5-fold twinned morphology. These elements are considered
immiscible in form of bulk materials. They have studied and proved that the size, electronic effects and
the synergy emanated from the defects of the bimetallic NCs can offer high catalytic activity for
reduction reaction of substrates like nitrophenols and nitroaniline or degradation of dyes in liquid phase
(see Figure 5). In another work, Lee et al. [29], have shown that uniform and monodispersed PdNi1 NCs

demonstrate an enhanced activity in electrocatalytic oxidation of ethanol compared to commercial Pd

catalyst having the same metal size.
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Figure 5. TEM images and catalytic application of AgNi NCs in reduction of 4-nitrophenol (4-NP) and degradation of
methyl orange (MO); Reprinted with the permission from [28]. Copyright (2014) American Chemical Society.

To study the supports effect, Comotti et al. have presented a research work on the effect of support in
CO oxidation for the Au based catalysts [30]. They prepared the catalyst by deposition of premade
colloidal Au NCs having the same size, and in this way they were able to isolate the effect of a number
of supports such as TiO,, ZrO,, Al,O; and ZnO. The studies on the supports effect have been extended
further by the synthesis and application of dumbbell-like metal/metal oxide NCs. As shown in Scheme
1, this nanostructure is characterized by an epitaxial connection of a nanosized metallic domain to a
nanosized metal oxide domain, in which the metal domain is partially nested [31,32]. With this
morphology, it is possible to study different aspects of the catalytic properties, isolating the support
effect while having uniform nanosized metal-support entities. A number of works have been published
on this class of materials, not only proving its ability to provide insights on the issues of metal-support
interaction but indeed to create even more efficient catalysts in terms of activity and stability in some

specific reactions [33,34].

Scheme 1. Schematic illustration of a dumbbell-like NC characterized by epitaxial connection of a metal domain (M) to a

metal oxide domain (MOXx).

Other morphologies can be also prepared targeting for new composite nanomaterials offering

enhanced catalytic properties. For example, Chen et al. [35], have described a methodology to produce
8



mesoporous nanospheres of cerium oxide and titanium oxide trapping the noble metals such as Ru, Rh,
Pd, Pt, Au and Ag. These catalysts have proven to be very efficient in a number of oxidation and
reduction reactions. The active sites accessibility is always guaranteed with the porosity of the oxide
nanosphere around the metal active sites, while the sintering is prevented due to the efficient
containment of the metal NCs. It should be noted that the morphology is different from a simple core-
shell and can be considered as a new approach to design metal-supported catalysts. Similar
methodology has been also applied to prepare catalytic nanocomposites of Pd-CeO, showing high
activity in CO oxidation compared to the catalyst prepared by impregnation [36].

There are of course a number of challenges in the process of catalyst preparation from colloidal NCs
[37] which should be addressed particularly in case of heterogeneous catalysis. Generally, to prepare a
model catalyst from colloidal NCs, a specific volume of the colloidal solution with known
concentration is added to a suspension containing the support grains. In this way, the NCs will be
deposited onto a support by wet impregnation to achieve the target loading. The concentration of parent
solution containing the NCs is usually low to prevent the aggregation of NCs while it is important to
keep the conditions so as to maximize the contact of the support grains with the colloidal NCs. These
conditions can limit the production throughput of the synthesis method. In addition, one should note
that if the sizes of the premade NCs are bigger than the aperture of the support, they cannot easily enter
the pores and so they will interact only with the external surface area of the support [37]. This issue is
not limiting if the catalyst is to be used as a model material but it would be problematic for the scale up
of the catalyst production. More importantly, the NCs are covered with stabilizing ligands that usually
needs to be removed, e.g. thermally [38] or chemically [29], in order to fully expose the surface of the
metal active sites. This process can be considered as an activation step of the catalyst. However, due to
the variety of the capping agents, it will be difficult to generalize a proper method, even though in most
cases it is easy to burn them off under oxidizing conditions. It is important to mention though that in
some new strategies, the capping agents can be exchanged/modified to manipulate the selectivity of the

reactions towards targeted materials [39].

Given all these considerations, my works were dedicated to the synthesis of well-defined colloidal
NCs and their application in CO oxidation. In addition to general aspects of NCs synthesis, I developed
protocols for NCs based catalyst preparation and activation. In addition, transformations of the NCs

upon exposure to different reaction environments were thoroughly studied in the attempt to establish



clear structure-activity correlations. The results of this thesis can be used as a guideline for the design,
characterization and evaluation of the catalytic activity of these materials, especially NCs with metal-
metal oxide nanodumbbell morphology. More specifically, in the study of the structure-activity
relationship in CO oxidation, our results can help to understand the true nature of the catalytic active

sites of advanced and tailored catalytic materials.

1.4.Experimental and Methods

Typical procedures for material preparation, as well as basic principles of the characterization
techniques and methods for the evaluation of the catalytic performances are provided in this section.
The scope of this paragraph is to briefly explain the strategies for synthesis and justify the application
of selected characterization techniques, giving insights to the different kind of information they can
provide. Needless to say, the details and full extent of the experimental works as well as the exact

methodologies will be further provided in each chapter.

1.4.1. Colloidal synthesis of NCs

Typically the synthesis of the NCs was performed in a standard 3-neck flask whose volume was
selected based on the total volume of the synthesis mixture i.e. solvents, ligands and precursors. The
middle neck was connected to a condenser to maintain the reflux conditions while the other two were
capped with either plastic septums or glass accessories to isolate the reaction mixture from the external
atmosphere. A magnetic bar was used to agitate the mixture under reaction conditions while the
temperature was being monitored via a thermocouple inserted into a glass thermos-well provided
through one of the flask’s necks. When needed, heating was provided by a heating mantel sitting
around the flask, while the temperature was regulated by a PID controller. A typical scheme of the
synthesis setup is illustrated in Scheme 2. The syntheses protocols were then developed through careful
control of each step such as degassing, precursors dissolution and injection, heating ramp rate and
profile. At the end of the synthesis, NCs were separated from the reaction mixture by several
consecutive washing-centrifugation steps, using solvents such as acetone, ethanol, iso-propanol. Finally
the synthesized NCs were dispersed in volatile inert solvents such as hexane, toluene and chloroform

and stored either in cold room or glove box.
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Scheme 2. Schematic of a typical setup for colloidal synthesis.

1.4.2. Catalyst preparation

The catalysts were typically prepared by deposition of the pre-made colloidal NCs on the supports
grains. Usually alumina grains (y-Al,O3 extrudate from Strem Chemicals: SSA = 220 m®/g; average
pore diameter = 6.5 nm; previously crushed and sieved to 90 um) were dispersed in a solvent identical
to the one of colloidal NCs solution and then the specific amount of the colloidal solution,
corresponding to the targeted elemental loading, was added to the mixture. Then the suspension was
either mixed using a magnetic stirrer and a magnetic bar or sonicated, typically for 2 h, which allowed
the contact of NCs and support grains for the deposition. After this step, the solvent was removed by
evaporation and the catalyst powder was dried before storing. The catalysts were often calcined/in-situ
activated under oxidizing atmosphere to remove the protecting ligands prior to reaction tests. In some
cases, silica or other supports were also used within the context of the study. The activities of catalysts
were typically measured using a fixed bed micro-reactor coupled with a p-gas chromatograph to
analyze the outlet of the reactor. The arrangement of the catalyst bed in the micro-reactor used in our
experiments is illustrated in Figure 6. The inlet of the reactor was connected to a number of mass flow

controllers (MFCs) to control the flowrate and composition of inlet gas stream.

11
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Figure 6. Illustration of the micro-reactor used for catalytic experiments.

1.4.3. Characterization techniques
1.4.3.1. Electron microscopy (EM)

As mentioned in the previous section, by means of colloidal synthesis we are able to manipulate the
morphology of NCs. In this regard, it is important to monitor these properties whether during the
synthesis of the NCs or after possible transformation they might undergo in the course of the catalytic
experiments, in order to fully understand the correlation between the structural and the catalytic
properties. Electron microscopy (EM) is a powerful technique vastly used to study the morphological
properties of the NCs and heterogeneous catalysts [40-42]. Generally in this technique, the sample is
bombarded with a beam of electrons provided by a high voltage electron gun (typical range of 80 to
300 keV). Different interactions can occur between the high energy electrons and the sample which can
be monitored, measured and quantified in order to obtain many useful information [43,44]. For
instance, a fraction of the electrons will pass through the sample without significant energy losses and
can form a two-dimensional projection of the sample on the screen located below the sample. This is
referred to as transmission electron microscopy (TEM) i.e. one of the most common EM-based
measurements to generate images from the sample. This technique provides an insight about the shape
and size of the colloidal NCs but it should be noted that the images are created with a low contrast.
High resolution images can be obtained as well using this technique, providing information about the
crystallinity of the sample, lattice spacing and the order of atoms within the crystalline domains. On the

other hand, the scattered electrons at high angle can be used to produce images with a high contrast
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between atoms characterized by a large difference in the atomic number. This technique, called high
angle annular dark field scanning transmission electron microscopy (HAADF-STEM), can be used in
the characterization of the catalysts, providing useful information about dispersion and morphology of
the supported NCs. Moreover, a sample could be excited to release X-ray emission due to specific type
of its interaction with the beam. The number and the energy of the emitted X-rays can be detected
according to a method known as energy dispersive X-ray spectroscopy (EDS) and be used in elemental
analysis of the NCs and catalysts. Finally, a fraction of the electrons in the beam can be diffracted to
particular angles defined by the crystalline structure and arrangements of the atoms within the lattice
space. This type of interaction can provide information about the crystalline nature of the sample in a
similar manner to that of X-ray diffraction (XRD) method described later with respect to the fact that
the electrons can be considered as wave packets having defined energies. In the course of our
experiments, many of these methods were applied to provide information about size distribution,
morphology, elemental composition, elements distribution, and crystallinity of the colloidal NCs as
well as their dispersion, transformations, extent of sintering, and change of morphology when the same

NCs were supported and used as catalysts.

1.4.3.2. X-ray diffraction (XRD)

XRD is another commonly used technique for characterization of both NCs and heterogeneous
catalysts [45-47] which has the ability to detect the crystalline phases present in the system and provide
useful structural information. The main principle of this method lies in the fact that when a crystalline
material is exposed to an X-ray beam, its constituent arrays of atoms which are ordered in the lattice
space, will diffract the beam in directions given by Bragg’s law [48] (i.e. nA = 2d sin 8; where 4 is the
wavelength of the X-ray, d is the spacing between two lattices, € is the angle between the incident X-
ray and the normal vector of the reflecting plane and # is the order of reflection). XRD patterns can be
collected using a stationary source of X-ray and a movable detector which scans the intensity of the
diffracted beams as a function of the angle 26 between the incoming and diffracted beams [49]. Indeed,
the angle of diffraction as well as the intensity of the scattered beams are proportional to the positions
of the atoms, interatomic distances or generally speaking to the geometry of the atoms in the lattice
space which makes XRD a powerful technique for structural analysis. It should be mentioned that in
this technique the diffraction is related to the interaction of the incident beam to the electrons rather
than the nucleus of the atoms. XRD patterns can be also correlated to provide information about the

compositional changes of the NCs [47]. In this regard, we mainly used XRD to characterize the
13



crystalline structure of the colloidal NCs, to monitor and study the transformations of the supported
NCs as well as NCs’ supports upon exposure of the catalysts to different environments of the catalytic
experiments. Also many useful indirect information were derived from the analysis of the XRD
patterns, specifically in the quantification and the determination of the crystalline phases present in our

samples.

1.4.3.3. X-ray spectroscopy

A number of X-ray based spectroscopy methods had been also applied in our works such as X-ray
absorption fine-structure spectroscopy (XAFS) and X-ray photoelectron spectroscopy (XPS). To
perform XAFS measurements, the sample is exposed to a high flux of monochromatic X-ray beam with
specific energy provided in synchrotron facilities. Indeed, a part of energy can be absorbed by specific
atoms at energies near and above their core-level binding energies. XAFS can be regarded as the
modulation of an atom’s X-ray absorption probability due to the local chemical and physical state of
the atom [50,51]. Data acquisition can be done in two modes i.e. transmission and fluorescence. In
transmission mode, the absorption of the incident beam by the sample is measured by two ionization
chambers placed before and after the sample, while the beam is passing through the sample. In the
fluorescence mode, measurement is done by detecting the photoelectrons emitted after an electron fills
up the hole in the pre-excited core. XAFS spectra are indeed sensitive to the oxidation state,
coordination chemistry and the interatomic distances around the selected atoms absorbing the energy of
the incident beam [51-53]. While not being limited to crystalline materials, it can be used to collect
precious information about the nature of the active sites in heterogeneous catalysts [50]. The X-ray
absorption spectrum is typically divided into two regions: (1) X-ray absorption near-edge spectroscopy
(XANES) characterized by a sharp rise in the absorption coefficient which occurs typically within 30
eV of the main absorption edge and (2) the extended X-ray absorption fine-structure spectroscopy
(EXAFS) which addresses the oscillations of the excited photoelectrons around the absorbing atoms
and typically extended up to few keV after the absorption edge [51]. Although having the same origin,
they are used to derive different structural information. XANES is strongly sensitive to formal
oxidation state and coordination chemistry of the absorbing atom and can be qualitatively determined
by these parameters. Though no mathematical function exists to describe the XANES region, it can be
nevertheless used as a fingerprint to identify the phases present in the sample and monitor their
transformations. On the other hand, EXAFS is defined by a simplified yet detailed mathematical
function and can be used for quantitative determination of the interatomic distances, coordination
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number, disorder and type of neighboring species around the absorbing atom [53]. Both methods have
been used in our works to identify the phases present in the NCs and study their structural
transformations upon exposure to catalytic conditions to correlate the catalytic and the structural
properties. In addition to XAFS, XPS was also applied in our works. Its principle lies in irradiating the
sample with an X-ray beam to excite the core electrons to high energy state above the vacuum level.
The core-hole then decays through either Auger process or emission of photoelectrons [54] that can be
measured much like the XAFS in florescence mode. As the XPS spectra are directly proportional to the
electronic density of the atoms, they can be used to identify the binding energy of the electrons and
therefore provide information about the oxidation states of different elements. Moreover, due to the low
energy of the beam and its limitation for diffusion in the structure, they are widely used to identify and
characterize the surface species in catalytic materials as well as charge transfer between epitaxially
attached phases [55]. We used XPS in our works mainly to provide information about the charge
transfer between different phases of the synthesized NCs which would define the catalytic properties of

the NCs especially in Redox reactions.

1.4.34. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT)

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT) is another powerful
characterization technique in catalysis researches, exploited to identify the active surface species [56].
In principle, the sample is exposed to incident IR beam which will penetrate the sample interacting
with it. The interaction usually results in a loss of energy, while the beam would be reflected in
different directions afterwards. The diffusely scattered radiation is then collected by an ellipsoidal
mirror and focused on the detector, which allows the determination of the absorption spectrum as a
function of frequency [57]. . In particular case of catalysis research, a probe molecule such as CO or
NO is usually employed in order to identify and study the properties of the active sites. The strength of
the adsorbed molecule bonded to the surface species has indeed direct correlation to the catalytic
performance of the materials [58,59]. With respect to the dependence of stretching vibrations of the
surface bonds with the bond strength [56], we can identify different active sites by correlating the
adsorption bands to specific electronic state of the active sites [58]. In our experiments, we mainly used
this technique to identify the nature of the surface species in our catalysts, nanoscale transformation of
NCs resulting in different surface species as well as evidencing the possible charge transfer between

the metal NCs and the bulk or nanosized support.
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1.4.35. Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

This technique was applied in our work to obtain information about the elemental compositions of
the colloidal NCs and loading of the catalysts. This measurement fundamentally relies on a
phenomenon in which the excited atoms or ions can emit a radiation decaying to the ground state [60].
The energy of this radiation is defined by Planck’s equation: E = hv; where E is the energy, h is the
Planck’s constant and o is the frequency of the radiation. In practice, the solid sample is digested to
have it dissolved typically in an acidic liquid. The liquid sample is then pumped and atomized using a
nebulizer to form liquid sols i.e. very small droplets of the liquids. These droplets are torched with a
plasma flame resulting in dissociation of the sample to its constituting atoms in form of excited ions.
Subsequently, the excited ion decay to their ground state emitting a radiation which is monitored by
optical detector. The intensity of the emitted radiation at specific wavelength can be correlated to the

concentration of the elements of interest in the sample.

1.5.Summary of the Results

In this section, a summary is given about the main results of the PhD research activities that I carried
out mainly at the IIT Genova, Nanochemistry Department under the supervision of Prof. Manna and
Dr. Colombo. I developed the synthesis protocols for a number of colloidal NCs and applied them in
catalytic CO oxidation as a model reaction. Firstly, I focused on the synthesis and the application of
dumbbell-like Au-iron oxide NCs and studied the effect of the Au domain size on their activity in CO
oxidation. In the next step, I aimed at tuning the composition of the metal domain in such morphology.
To achieve such a goal I firstly synthesized intermetallic alloyed NCs of Au and Cu and thoroughly
studied their transformations and activity in CO oxidation. Then, the dumbbell-like NCs of AuCu-iron
oxide were prepared using the same AuCu NCs, and their activities were benchmarked against bulk
magnetite supported AuCu to study the effect of nanosizing of the support. Finally, we focused on
tuning the morphology of the iron oxide domain in AuCu-iron oxide dumbbell-like NCs. The objective
of the study was to understand the effect of hollow oxide against non-hollow oxide nanosized supports
on the CO oxidation activity. To this aim, different batches of AuCu-iron oxide dumbbell-like NCs
were prepared, each batch being characterized by a different fraction of core-shell oxide domains. The
iron-rich core in the oxide domain would then transform to hollow oxide upon activation of the
catalyst. The thesis works resulted in 3 publications and 1 manuscript under preparation as first author

plus a co-authorship collaborative paper within the group. Also considering a cotutelle agreement, I
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spent 9 months in the group of Prof. Reiser in Institut fiir Organische Chemie, Institut fiir Pharmazie
und Chemie, Universitit Regensburg. My activities there were mainly focused on the application of the

NCs supported on magnetic nanobeads for liquid phase reactions.

1.5.1. Au-lron oxide Heterodimers

At first, a protocol was developed to synthesize dumbbell-like nanocomposites made of a metallic
domain epitaxially connected to a metal oxide one. The synthesis work was focused initially on
Au@]lron oxide heterostructures: NCs were obtained with various sizes of Au domain (nominally 4, 6
and 10 nm) while the size of the iron oxide domain was kept constant, around ~18 nm. A seeded
growth method was employed to form the iron oxide domain on pre-made Au nanoparticles. These
NCs were further deposited on alumina supports and their catalytic activities as well as thermal
stabilities were evaluated in the oxidation of CO. To benchmark the performances of the synthesized
heterostructure, Au catalysts were prepared by their deposition on alumina and iron oxide (having
similar sizes as in case of dumbbells) and tested as controlling experiments. The catalyst made of
dumbbell NCs of 4 nm Au and iron oxide showed the best performance in CO oxidation suggesting the
importance of Au-Iron oxide interface as the active sites of the reaction, being maximized in this
sample. Advanced electron microscopy, XPS and IR spectroscopy studies were carried out in order to
characterize the NCs and rationalize the observed trends. This work resulted in a publication in Journal
of Catalysis (http://dx.doi.org/10.1016/j.jcat.2016.03.002; 2016, 338, pp 115-123) and represent the
chapter II of the thesis. The paper was further selected by the editor in chief as a featured article in June

2016 as a paper worthy of extra attention.

1.5.2. AuCu Bimetallic NCs

The research went on focusing on the same nanostructure where the composition of the metallic
domain was tuned in order to obtain an intermetallic alloy of AuCu while keeping the size of the
metallic domain at ~6 nm. In this regard, procedures for producing firstly AuCu NCs with an atomic
ratio of 1:1 and then the corresponding AuCu@FeOx dumbbell nanocomposite were established. The
AuCu NCs seeds were the subject of a dedicated study where their transformations upon different pre-
treatments (i.e. under oxidizing or reducing atmospheres) and the resulting CO oxidation catalytic
activities were studied. Analyses carried out by techniques such as STEM-EDS, XRD, SAED and in-
situ DRIFTS were applied to characterize the colloidal NCs, to study their transformations and identify

the nature of the active sites. The exposure at high temperature (350 °C) to an oxidizing environment
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caused phase segregation between Au and Cu and the subsequent migration of Cu species on the
support surface, which was found to be detrimental for the CO oxidation reaction. On the other hand,
AuCu alloyed NCs were restored when the catalyst was exposed to a reducing environment and the
catalytic activity was then significantly enhanced. The CO/O; reacting atmosphere also caused changes
in the NCs composition and consequently on the reaction rate: for a reduced system the catalytic
activity progressively decreased with time on stream, as a consequence of Cu de-alloying and of partial
migration on the support surface. On the other hand, when starting from a fully oxidized situation, the
reaction environment caused a partial re-alloying of Cu, which in turn resulted in the progressive
increase of the catalyst activity. All these transformations were found to be fully reversible. The results
of this work were published in ACS Catalysis (doi: 10.1021/cs501923x; 2015, 5 (4), pp 2154-2163)
and represent the chapter 111 of the thesis.

1.5.3. AuCu-Iron oxide nanodumbbell NCs

The AuCu@FeOx dumbbell-like NCs were also successfully synthesized by means of colloidal
synthesis having both Au and Cu localized in the metal domain. These dumbbell NCs were further
deposited on alumina support and tested in CO oxidation after oxidative pre-treatment which was
essential to remove the protecting ligands and activate the catalyst. The complex transformations of
these NCs upon activation was thoroughly studied by means of EDS-STEM and XAFS. The oxidation
pre-treatment caused the de-alloying between Au and Cu, with Cu atoms likely being incorporated in
the iron oxide domain. The resulted structure-activity correlation was further rationalized by
comparison of the activity against iron oxide bulk supported AuCu catalyst as well as alumina
supported Au@FeOx nanodumbbell having the same size of the metal and metal oxide domains. The
AuCu@FeOx sample displayed CO oxidation reaction rates similar to those measured over a
Au@FeOx catalyst having a similar Au domain size, highlighting the dominant role of the Au-iron
oxide interface for this reaction. The nanosized support of iron oxide in case of dumbbell NCs provided
a strong thermal stability of the metallic domains: the sintering of the Au domains was effectively
prevented. This in turn yielded a higher activity of the AuCu@FeOx dumbbells when compared against
a bulk Fe;O4 supported AuCu NCs catalyst, where extensive sintering occurred. The results of this
work were published in ACS Applied Materials & Interfaces (doi:10.1021/acsami.6b09813;
2016, 8 (42), pp 28624-28632) and represent the chapter IV of the thesis.
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1.5.4. AuCu-Iron oxide NCs: The Effect of Hollow Oxide Domain on The Activity

Interestingly in the case of the AuCu@FeOx NCs, we observed the development of a core-shell
structure within the oxide domain for a number of NCs, this structure being characterized by an iron
rich core. The fraction of NCs with such morphology was found to be tunable by simply adjusting the
synthesis conditions. We therefore prepared three samples characterized by an increasing fraction of
core-shell particles referred to the total number of NCs in the sample. These dumbbell NCs were
further deposited on alumina support as before and tested in CO oxidation after oxidative pre-
treatment. After the activation of the catalysts under oxidative atmosphere the iron rich core was
transformed to a hollow iron oxide domain, while the Cu atoms were delocalized from the metal
domain and dispersed in the iron oxide one. The catalytic properties of these catalysts were studied
along with the characterizations trying to find a correlation between the activity and structural
properties of such NCs. The characterizations techniques included TEM, STEM-HAADF-EDS, XAFS,
XRD, XPS, and CO TPR. The kinetic measurements have been performed on the catalyst suggesting a
correlation between the activity and the population of NCs with a hollow oxide domain, while the
activation energy remained constant. EXAFS data have been also simulated to understand the structural
properties of the fresh NCs and their evolution upon activation. The work resulted in a manuscript

under preparation and represents the chapter V of the thesis.

1.5.5. Application of colloidal NCs in Liquid Phase Reactions

Finally and during my stay in Regensburg, I explored the catalytic activities of some of the NCs I had
synthesized in IIT for liquid phase hydrogenation and oxidation reactions. In this regard, I developed a
procedure to prepare magnetically recyclable catalysts using Turbobeads magnetic nanoparticles (NPs)
as support (commercially available carbon-coated Co NPs) and pre-made colloidal NCs. I prepared a
number of catalysts and applied them in liquid phase oxidation and hydrogenation reactions. The most
promising results were the hydrogenation of cinnamylaldehyde to its corresponding unsaturated (or
saturated) alcohol using AuCu (or AuCu@FeOx). We have checked the effect of different parameters
on the extent of the reaction and found that the reaction takes place at moderately high pressure of 20
bar, the temperature of 50 °C and 24 h. The method for catalyst preparation is straightforward and can
be applied for other colloidal NCs of interest as long as they are stable under harsh conditions of
sonication. A collaboration started with the same group to complete and finalize this work. The results

of this work are presented in the thesis as an Appendix as it still lacks completion.
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Au@FeOx dumbbell nanocrystals (NCs) with different sizes of the Au domain (i.e. 4 nm, 6 nm and 10 nm)
were successfully synthesized by means of a colloidal synthesis procedure. They were then deposited on
v-alumina and tested in CO oxidation. The use of alumina minimized the contribution of the Au-support
interaction in the CO oxidation, thus enabling us to clearly identify a synergy between the Au and the iron

oxide that eventually resulted in an enhanced activity in CO oxidation, good sintering resistance and good
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stability of the catalytic performances. Among the three gold sizes tested, the dumbbells with 4 nm Au
domains were found to be the most active ones. Nevertheless, we found that the activity of the 4 nm
dumbbells was significantly hampered by the limited exposure of the Au or of the Au/iron oxide interface
to the reacting environment.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

After the early work of Bond on activation of H, and mono-
olefin hydrogenation using gold as catalyst [1], and the pioneering
work of Haruta in low temperature CO oxidation [2-4], catalysis by
Au has been extensively studied [5,6]. In this regard, CO oxidation
has often been selected as a probe reaction to study the catalytic
properties of Au catalysts [2,7-9]. Among the different Au based
catalysts studied in the literature, iron oxide-supported Au cata-
lysts are one of the most active systems for low-temperature CO
oxidation [10,11] and dumbbell like Au@FeOx heterodimers repre-
sent an interesting example of Au based nanostructured materials
for catalytic and biomedical applications [12,13]. In the nano-
dumbbell morphology each gold nanoparticle is connected to an
oxide domain of few nanometers size, which acts as a nano-sized
support. Interesting effects of nano-sized supports have been
reported for example by Carrettin et al. [14], who studied the syn-
thesis of phenols using gold nanoparticles supported on nanocrys-
talline CeO,. Compared to conventionally prepared catalysts, the
nano-dumbbell structure is characterized by a strong epitaxial
connection between the metal and the metal oxide domains, which
eventually results in an enhanced charge transfer across the inter-

* Corresponding author.
E-mail address: massimo.colombo@iit.it (M. Colombo).

http://dx.doi.org/10.1016/j.jcat.2016.03.002
0021-9517/© 2016 Elsevier Inc. All rights reserved.

face between the metal and the metal oxide [12,15-17]. Another
interesting property of the dumbbell morphology is the fact that
the metal domain is typically nested or anchored in the oxide
domain; this morphology ensures structural stability and a high
resistance to sintering of the metal domains [18-20], which is
one of the main causes of deactivation in traditional catalysts.
Sun et al. [12] pioneered the synthesis of dumbbell nanocrystals
(NCs) and different groups studied their application as low-
temperature CO oxidation catalysts [18,21]. However, Yin et al.
[21] and Wu et al. [18] showed that the catalytic activity of
Au@FeOx dumbbells strongly depends on the support on which
the NCs are deposited. Eventually the catalytic activity can be dom-
inated by the interface between the Au and the support, leading to
contradictory results on the actual role of the Au/FeOx interaction
in the dumbbell morphology. Therefore, a deeper understanding of
the correlation between the physicochemical properties of the
Au@FeOx dumbbell structures and their catalytic activity in CO
oxidation is yet to be achieved [22]. In addition, the effect of the
gold domain size on the catalytic activity of this class of nanostruc-
tured materials is still to be addressed.

In this work, colloidal Au@FeOx dumbbell NCs were synthe-
sized starting from Au seeds having different, well-defined sizes
(Scheme 1 Top and Center). The colloidal Au seeds as well as the
Au@FeOx dumbbell-like NCs were deposited onto alumina and sys-
tematically studied as CO oxidation catalysts (Scheme 1 Bottom).
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Scheme 1. Sketch of the dumbbells synthesis, colloidal deposition and catalytic test in CO oxidation. (Top) Au seeds with different sizes were firstly prepared by means of a
colloidal synthesis procedure; (Center) the Au NCs were used as seeds to prepare Au@FeOx dumbbell like NCs; and (Bottom) the dumbbell shaped NCs were deposited on
alumina, calcined in air to remove organic ligands and tested in the CO oxidation reaction.

The choice of alumina, a non-reducible oxide, allowed us to mini-
mize the contribution of Au-support interactions in the CO oxida-
tion and highlighted the synergy between the Au and the FeOx
domains: our results revealed an enhanced CO oxidation activity
in comparison with Au/Al,05 catalysts prepared using the same
Au seeds. The catalysts, after being loaded in the micro-reactor,
were initially activated in an oxidative atmosphere to remove the
protecting ligands. Then the activity data were collected in the
CO/0O, mixture during heating and cooling transients. A high tem-
perature oxidative pre-treatment was performed before each test
in order to restore the initial activity of the catalysts without caus-
ing deterioration of the dumbbells structures or their dispersion.
Among the tested dumbbell catalysts, Au@FeOx NCs with 4 nm
Au domains were found to be the most active ones, even though
their activity was negatively affected by the limited exposure of
Au domains and thus of the Au-FeOx interface to the reactive
atmosphere.

2. Experimental
2.1. Synthesis of NCs

2.1.1. Chemicals

Oleylamine (OlAm, 70%), HAuCl,-3H,0, 1,2,3,4-tetrahydro-
naphthalene (Tetralin®), Octadecene (ODE, 90%), Oleic acid (OlAc,
90%), Iron pentacarbonyl (Fe(CO)s, >99.99% trace metals basis),
Tert-butylamine-borane complex (TBAB 97%) and solvents (Ethanol,
2-isopropanol, chloroform and n-hexane) were purchased form
Sigma Aldrich. y-Al,05 extrudate was purchased from Strem Chem-
icals. All chemicals were used as received.

2.1.2. Au NCs synthesis

Au NCs were synthesized using a reported procedure [21] with
some modifications in the synthesis temperature and the washing
procedure. Briefly, to prepare Au NCs of ~3 nm in size, 100 mg of
HAuCl,-3H,0 was first dissolved in a mixture of 10 ml of OlAm

and 10ml of Tetralin®, then degassed in N, atmosphere for
30 min. 44 mg of the reducing agent, TBAB, was dissolved by son-
ication in a mixture of 1 ml OlIAm and 1 ml of Tetralin® and then
injected into the Au precursor mixture under stirring at the tem-
perature of 21 °C. The mixture was kept under stirring for 1 h,
washed twice with a mixture of isopropanol and ethanol (4:1
vol. ratio), centrifuged and dispersed in 10 ml of hexane. Larger
Au NCs of 5.4 nm in size were synthesized using the same proce-
dure except that the temperature was lowered and kept at 0 °C
using an ice bath. The Au NCs having the largest size in our study
(i.e. 10.5 nm) were synthesized by means of a thermal decomposi-
tion procedure. Typically, 20 ml of ODE, 1.5 ml of OlAm and 1.5 ml
of OlAc were mixed and degassed for 30 min at 120 °C using N,.
Then, a solution of 40 mg of Au precursor in 0.7 ml of OlJAm and
2 ml of ODE was injected into the solvent mixture; the tempera-
ture was raised to 150 °C and kept there for 30 min. The product
was washed with isopropanol and ethanol, centrifuged and dis-
persed in 10 ml of hexane.

2.1.3. Synthesis of Au@FeOx and FeOx NCs

Dumbbell shaped NCs were synthesized by a seed mediated
growth approach. The pre-made Au NCs, obtained as previously
described, were used as seeds and iron pentacarbonyl was used
as the iron source. Typically, 8 mg of the Au NCs seeds was mixed
with a solvent mixture of 20 ml of ODE, 3 ml of OlAm and 1 ml of
OlAc and degassed under vacuum at 80 °C for 1 h to remove hex-
ane. Then, a solution of Fe precursor in 1 ml of already degassed
ODE was injected in the solution at 150 °C while the temperature
was raised to 205 °C. The mixture was stirred for 1.5 h and then it
was heated up to 300 °C and kept there for 1h. The products
were washed once with a mixture of isopropanol and ethanol
(4:1 vol. ratio), centrifuged and dispersed in 10 ml of chloroform.
The amount of Fe precursor in the synthesis was adjusted consid-
ering the different number of Au seeds having different sizes
(using less Fe precursor in case of larger Au seeds). FeOx NCs
were also synthesized using the same procedure as the dumbbells
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NCs. In this case no Au seeds were added to the synthesis
mixture.

2.1.4. Catalysts preparation

The alumina supported catalysts were prepared by colloidal
deposition. Typically, a specified weight of y-Al,05 powder (man-
ually crushed and sieved to 90 um) was dispersed in hexane (in
case of Au catalyst) or chloroform (in case of dumbbells) and then
a proper amount of colloidal solution (targeting 1 wt.% Au loading)
was added to it. The suspension was mixed for 2 h (either with a
magnetic stirrer in case of Au catalysts or sonication in case of
dumbbells). Subsequently, the suspension was dried under dry
air and the resulting powder was calcined in static air at 200 °C
for 13 h. Another alumina supported catalyst was also prepared
based on FeOx NCs, to be used for control experiments. The loading
of Fe was set to 8 wt.%, corresponding to the highest iron loading of
the dumbbell catalysts. The colloidal deposition procedure was
similar to the one just described in case of the dumbbell samples.

2.2. Catalytic experiments

The activity of the catalysts for CO oxidation was measured
using a micro reactor system coupled with a micro-Gas Chro-
matograph (p-GC) equipped with three modules working in paral-
lel (each consisting of an injector, a column and a thermal
conductivity detector) to analyze CO, O, and CO, (SRA Instruments
model R-3000). Typically, the catalyst powder was diluted with
alumina (2:1 weight ratio) and loaded into a quartz reactor (inter-
nal diameter ID = 8 mm). The feed gas was a mixture of 1% v/v CO
and 6% v/v O, balanced with He with a flow rate of 80 Ncc/min cor-
responding to a gas hourly space velocity of 3,000,000 Ncc/h/(g
Au). After being loaded in the micro-reactor, the catalysts were ini-
tially in-situ activated at 350 °C for 10 h in 6% v/v O, (balance He)
to remove the ligands from the surface of deposited NCs. The suc-
cessful removal of the ligands using this treatment was checked by
connecting the outlet stream of the reactor to a Mass Spectrometer
(Pfeiffer Vacuum Omnistar GSD 320), as shown in Fig. S1(a). Addi-
tionally, catalytic activity measurements after pre-treatment at
higher temperatures (i.e. 400 °C) did not result in any activity
improvement (Fig. S1(b)). For the activity measurements, the reac-
tor was heated from room temperature (RT) to 300 °C with a heat-
ing rate of 2 °C/min and kept at 300 °C for 30 min, then cooled
down to 100 °C with the same rate and kept at 100 °C for 30 min.
Transient activity data were collected every 4 min during the men-
tioned cycle of catalytic test. Before each test cycle, the catalyst bed
was exposed to a stream of 6% v/v O, in He at 350 °C for 1 h. The
heating rate used in the activation and in the oxidizing pre-
treatment was set to 5 °C/min. In case of kinetic measurements,
the space velocity was increased to 4.8E+7 Ncc/h/(g Au) in order
to keep the CO conversion below 10% and work under differential
reactor conditions. Reaction rates were evaluated after 2 h on
stream at constant temperature. CO and CO, outlet concentrations
were measured by a NDIR analyzer (ABB Uras 26).

2.3. Characterization

2.3.1. Transmission electron microscopy (TEM)

Overview bright-field TEM (BFTEM) images were acquired on
the various samples deposited on standard carbon coated Cu grids
using a Jeol JEM-1011 instrument with a thermionic W source
operated at 100 kV. High angle annular dark field (HAADF) scan-
ning TEM (STEM) images and high resolution (HR) TEM images
were collected using a FEI Tecnai G2 F20 instrument equipped with
a Schottky field emission (FEG) electron source, operating at
200 kV acceleration voltage.

2.3.2. Scanning electron microscopy (SEM)

High Resolution Scanning Electron Microscopy (HRSEM) analy-
sis was performed to check the visual dispersion of the dumbbell
NCs on the support. Backscattered electron (BSE) images having
compositional contrast were collected using a JEOL J[SM-7500FA
instrument, equipped with a cold field emission gun (single crystal
(310) emitter), a 2-segments solid state annular BSE detector and
operating at 10 kV. Samples were prepared by depositing a small
amount of catalysts powder on an ultra-smooth silicon wafer.

2.3.3. Elemental analysis

The chemical composition of the colloidal NCs as well as the
metal loadings of the catalysts was measured by Inductively Cou-
pled Plasma Optical Emission Spectroscopy (ICP-OES) using a iCAP
6000 Thermo Scientific spectrometer. A specific weight (in case of
powder catalyst) or volume (in case of colloidal solutions) was
digested in HCI/HNOs 3:1 (v/v) overnight, diluted with deionized
water (14 pS) and filtered using PTFE filter before measurement.

2.3.4. Temperature programmed reduction (TPR)

TPR measurements were performed on ~100 mg of the catalyst
unloaded from the reactor using a Quantachrome Autosorb iQ
equipped with a VICI® micro thermal conductivity detector
(TCD). For the 10 nm Au@FeOx sample, the mass was increased
to ~250 mg. Au@FeOx dumbbell as well as the FeOx catalysts
was loaded into a quartz U-tube (ID =12 mm) and exposed to a
mixture of 5% v/v O, in He at 350 °C for 3 h. Then the tube was
cooled down and, after stabilizing the temperature to 40 °C, the
gas flow was switched to a mixture of 5% v/v H; in Ar. The system
was heated up to 900 °C at a rate of 20 °C/min while the TCD signal
was being monitored.

2.3.5. In-situ diffuse reflectance infrared fourier transform
spectroscopy (DRIFTS)

Spectra were collected using a Vertex 70 infrared spectrometer
(Briiker Optics) equipped with a DRIFTS cell (Praying Mantis, Har-
rick) and a Mercury Cadmium Telluride detector (MCT), cooled
with liquid nitrogen. The outlet of the DRIFTS cell was connected
to an on-line mass spectrometer (Pfeiffer Vacuum Omnistar GSD
320). Using a 4 port selector valve, the inlet gas was switched
between two different gas streams, one used for purging and/or
pre-treatments and the other containing the probe species. The
loaded sample was pre-treated in oxidizing atmosphere prior to
the test using the same conditions as those of the catalytic exper-
iments, except for the heating rate which was set to 20 °C/min.
After pre-treatment, the cell was cooled down to RT. After stabi-
lization of the signal at RT, the background spectrum was collected
while the pretreatment gas mixture was flowing. Then, the flowing
gas was switched to a mixture containing either 0.2% v/v CO and
balance He or 1% v/v CO, 6% v/v O, and balance He. Spectra were
collected every 10s for the first 100 s of adsorption. The process
was monitored for further 35 min, by collecting a spectrum every
5 min. Each test was performed at least two times to verify the
reproducibility of the measurement.

2.3.6. X-ray photoelectron spectroscopy (XPS)

XPS was performed on a Kratos Axis Ultra DLD spectrometer,
using a monochromatic Al Kot source (15 kV, 20 mA). High resolu-
tion narrow scans were performed at constant pass energy of 10 eV
and steps of 0.1 eV. The photoelectrons were detected at a take-off
angle @ = 0° with respect to the surface normal. The pressure in the
analysis chamber was maintained below 7 x 10~° Torr for data
acquisition. The data were converted to VAMAS format and pro-
cessed using CasaXPS software, version 2.3.16. The binding energy
(BE) scale was internally referenced to the C 1s peak (BE for C-
C=284.8¢V).
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2.3.7. lodine (I>) etching

Gold was etched from the Au@FeOx dumbbells using iodine at
low temperature. Briefly, a small volume of dumbbell colloidal
solution (containing 0.2 mg of Au) was added to 5 ml of 3 mg/ml
solution of I, in hexane and stored in closed cap vials. The solution
was stirred at 50 °C for 24 h, washed with ethanol and separated
by centrifugation.

3. Results and discussion

Typical BFTEM images of the Au NCs seeds along with their size
distribution profiles are shown in Fig. S2, while BFTEM images of
the final colloidal Au@FeOx NCs are shown in Fig. 1(a)-(c). The
mean sizes of the Au and FeOx domains were statistically evaluated
by graphical measurement of more than 100 NCs and the resulting
size distribution profiles are shown in Fig. 1. A limited enlargement
of the Au domain size in the dumbbells, likely related to particles
coalescence or Ostwald ripening during the synthesis procedure,
was observed in comparison with the starting seeds for the smallest
(from 3.1 £0.4 to 4.2 £ 0.7 nm) and intermediate gold sizes (from
5.4+0.6 to 6.6 +1.0 nm). No statistically relevant difference was
observed in case of the largest gold seeds (from 10.5+1.8 to
10.6 £ 1.7 nm). The mean size of the oxide domain was found to
be 18.1+3.0 and 18.4+4.0 nm using 3.1 and 5.4 nm Au seeds,
respectively, and 23.6 + 5.5 nm when using the 10.5 nm Au seeds.
For the sake of simplicity, the dumbbell NCs are labeled hereafter
as 4 nm Au@FeOx, 6 nm Au@FeOx and 10 nm Au@FeOx. We can
conclude that it is possible to tune the size of Au domain in dumb-
bell shaped NCs by using seeds of different sizes. It should be men-
tioned however that flower shaped NCs were also observed,
especially in case of 3.1 nm Au seeds. The formation of flower
shaped NCs when smaller Au NCs were used could be due to differ-
ent crystallinity of the Au seeds but also to the higher amount of Fe
precursor that was added into the solution when smaller Au NCs
were used as seeds. In the case of 3.1 nm Au seeds, we observed
indeed a tradeoff between the number of free Au NCs and the num-
ber of flower-shaped Au@FeOx NCs. The former were prevailing
when using a low amount of Fe precursor (see Fig. S3) while the lat-
ter were preferentially observed when higher amounts of Fe(CO)s
were used in the synthesis, as evident in Fig. 1(a).

The alumina supported catalysts were further prepared by col-
loidal deposition. HRSEM images in Fig. S4 show that the dumbbell
NCs were quite well dispersed on the alumina support and no signs
of Au aggregation were observed after the calcination process. The
loadings of Au and Fe in each catalyst sample were measured by
ICP and are reported in Table 1. The concentration of Au was close
to 1 wt.% in all cases, while the Fe loading was different among the
samples. This trend can be easily explained considering that at a
fixed Au mass, the number of deposited NCs increased with
decreasing the size of Au. Considering that the sizes of FeOx
domain in all samples were similar, the Fe loading increased by
decreasing the Au size, in line with what is summarized in Table 1.

The catalysts were analyzed by TEM after the activation process
detailed in the Experimental section, which represents the harsh-
est set of conditions that the catalyst underwent during the exper-
iments of the present work. As shown in Fig. S5 for the case of 4 nm
Au@FeOx on alumina catalyst, no sintering was observed, while the
morphology of the dumbbell NCs was preserved. These data
proved that the FeOx domain was stable at temperatures up to
350 °C under oxidizing atmosphere and it also prevented Au from
sintering. The same results were observed for the other dumbbell
catalytic samples (results not shown).

A series of transient catalytic tests were conducted on the sam-
ples after the initial in-situ activation. The evolution of the activity
in CO oxidation for the 4 nm Au@FeOx on alumina support is

shown in Fig. 2. The trend highlighted by the black squares, which
represents the CO conversion as a function of temperature for one
cycle of reaction, indicated that the catalyst had limited activity at
room temperature. CO conversion evolved as the temperature was
raised, reaching 100% conversion at ~230 °C. By comparing the
black squares and red circles in Fig. 2, representing two different
cycles of reaction, we concluded that the activity trend of the cat-
alyst was reproducible, proving the stability of the catalyst. More-
over, both tests highlighted a hysteresis in the activity between the
heating and cooling phases, in a way that the activity during the
cooling phase was higher than in the heating phase. This behavior
might be related to the formation of surface carbonates species. It
is well-known indeed that carbonates can be formed during Au
catalyzed CO oxidation reaction and that they can cause the deac-
tivation of the catalyst [23]. The accumulation of surface carbon-
ates at low temperatures during the heating phase of the
experiment was confirmed by DRIFTS measurements (Fig. S6),
which clearly showed the fast development of strong absorption
bands in the carbonates region (1300-1800 cm™') [24]. The forma-
tion of these species could justify the lower activity in comparison
with the cooling transient of the test. To further support this
hypothesis, the catalyst activity was measured using a different
gas feed mixture consisting of 1% v/v CO, 6% v/v O, and 5% v|v
CO,. Before the test, the sample was pre-treated according to the
oxidative treatment described previously. As shown in Fig. 2 (the
pink triangles), the catalyst’s activity was lower in the presence
of CO,, while the hysteresis was eliminated. Both trends are consis-
tent with carbonates poisoning, favored by the increased concen-
tration of CO, in the gas mixture. If no regeneration was
performed between two consecutive tests (see Fig. S7) the hystere-
sis was still observed. This result is in line with DRIFTS data, which
showed the fast buildup of carbonates over the clean catalyst sur-
face. Further indication of surface poisoning was provided by test-
ing the catalyst at a constant temperature of 100 °C during 12 h of
time on stream, using a gas feed mixture of 1% v/v CO and 6% v/v
0,. As shown in the inset of Fig. 2, the catalyst activity dropped
from ~23% (conversion at 100 °C during the cooling phase of the
transient tests) to ~14%, approaching the conversion at 100 °C
measured during the heating phase of transient tests, i.e. ~10%.

The same hysteresis was observed also when using the 6 nm
and 10 nm Au@FeOx samples. In order to compare the catalytic
activity of the dumbbells with different gold domain size, we per-
formed kinetic measurements. Fig. 3 shows the Arrhenius plots of
the CO oxidation rate for the various samples. Among the three
samples, the dumbbell catalyst having 4 nm Au domain size was
the most active one, in agreement with literature reports on Au
catalyzed CO oxidation [9,25,26]. Interestingly, the activity over
the three samples showed a double regime, one below 140 °C,
characterized by lower activation energies in the range 14-20 kJ/-
mol (see Table 2), and one at higher temperatures, characterized by
higher activation energies, in the range 26-40 kJ/mol. Such a trend
is in line with the observed carbonates poisoning, which results in
the decrease of the apparent activation energy, similar to what
observed over Pt/Al,03 catalysts [27]. It should be mentioned,
however, that the same trend could be also consistent with the
onset of different reaction mechanisms in different temperature
windows. Table 2 reports also the turnover frequencies (TOFs)
evaluated at 80 °C for the three samples. For 6 nm and 10 nm
Au@FeOx dumbbell samples, the calculated values are comparable
to those reported in the literature for Au supported on bulk iron
oxide [28]. In case of the 4 nm Au@FeOx sample, the calculated
value is instead significantly smaller compared to what can be
found in the literature, where values in the range 3-6s~! have
been reported [28].

As control experiments, catalysts containing only Au NCs seeds
(with different sizes) were prepared and used for kinetic measure-
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Fig. 1. BFTEM images of synthesized Au@FeOx dumbbell-like NCs: (a) 4 nm, (b) 6 nm, (c) 10 nm Au@FeOx with their corresponding size distribution profiles for Au and FeOx

domains.

ments. Samples were prepared using the same Au NCs used as
seeds in the synthesis of the corresponding dumbbell like struc-
tures. A significant enhancement of the CO oxidation rate was
observed for all dumbbells catalysts (see Fig. S8) compared to the
corresponding Au/Al,Os ones. In another control experiment a cat-
alyst sample was prepared using bare FeOx NCs, in order to evalu-
ate their contribution to the CO oxidation catalytic activity. As
shown in Fig. S9 the sample exhibited negligible catalytic activity
at temperatures lower than 200 °C, where 90% conversion was

already achieved using the dumbbell catalysts. These results high-
lighted how the activity enhancement observed for the dumbbells
catalysts was the result of the synergy created between the Au and
the FeOx in the dumbbells and not by the interaction between the
Au and the Al,03 support.

In order to shed more light on such a synergy and understand
the reasons of the activity trend observed as a function of the Au
domain size, the dumbbells as well as the FeOx catalysts were
firstly characterized by TPR experiments [29]. These measure-
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Table 1
Au and Fe loadings of calcined Au@FeOx dumbbell catalysts.

Catalyst Au loading (%) Fe loading (%)
4 nm Au@FeOx 0.94 7.71
6 nm Au@FeOx 1.02 3.61
10 nm Au@FeOx 0.87 1.08
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Fig. 2. Catalytic activity of 4 nm Au@FeOx dumbbells and CO, effect. Black solid
squares and red circles represent two different cycles at the same conditions. Inset:
CO conversion at 100 °C as a function of time on stream. The catalyst was treated in
oxidative atmosphere of 6% v/v O, in He, at 350 °C for 1 h before each test.
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Fig. 3. Comparison of the CO oxidation rate among the Au@FeOx dumbbells having
different Au domain size.

ments were carried out in order to understand the effect of the Au
presence on the reducibility of the FeOx domain. We firstly used a
commercial Fes04 powder as reference. As shown in Fig. 4, there
were two main regions in which the reference Fe304 sample was
reduced: the first one (T < 500 °C) can be correlated to the reduc-
tion of Fe,03 to Fe304, and the second one to the Fes04 multiple
steps reduction to Fe® (T > 500 °C), as also reported in the literature
[24,29-31]. The presence of Fe,05 is justified by the oxidizing pre-
treatment included in the TPR test protocol (see the Experimental
section). The FeOx/Al,03 catalyst had a similar reduction profile:
one additional shoulder in the first reduction region (T < 400 °C)
could be noticed, while the high temperature region (T > 400 °C)
was similar to the one observed over the Fe;0,4 standard. The shift
of the reduction peaks toward lower temperatures highlights how
nano-sizing the oxide domain positively affected its reducibility.
Reducing the mass loading of FeOx NCs obviously resulted in a
simple decrease of peaks’ intensities (results not shown).

Table 2

Apparent activation energies and turnover frequencies (TOF, calculated at 80 °C) of
the CO oxidation reaction over the Au@FeOx dumbbells having different Au domain
size. Details about TOF calculation are given in SI

Catalyst T range (°C) Ea (k]/mol) TOF (s 1)

4 nm Au@FeOx 80-140 15+1 0.31
150-220 28+2

6 nm Au@FeOx 80-140 14+1 0.17
150-220 312

10 nm Au@FeOx 80-140 211 0.14
150-220 40+2

When the dumbbell catalysts were exposed to a reducing atmo-
sphere of 5% v/v H in Ar during the TPR test, the Fe reduction
peaks were significantly shifted toward lower temperatures. This
suggested the facilitation of Fe reduction in the presence of Au.
As an example, for the case of 4 nm Au@FeOx, the first intense peak
was shifted by 64 °C toward lower temperatures compared to the
FeOx/Al,05 catalyst. A comparable shift was observed for the three
dumbbells catalysts tested in our experiments, regardless of the
sizes of the Au domain. Nonetheless, for the 10 nm Au@FeOx sam-
ple, the shape of the low temperature reduction peak (T < 400 °C)
was slightly different from that observed for the 4 nm and 6 nm
dumbbells. The intensity of the shoulder below 200 °C was indeed
much stronger in case of the 10 nm Au@FeOx sample.

Monitoring the adsorption of CO by IR spectroscopy has been
reported to be a useful tool to study the charge state of supported
Au catalysts [32]. We thus performed CO DRIFTS tests in order to
understand whether the difference between the catalytic activity
of the dumbbell samples could be the result of a different Au
charge state. The spectra were collected during 35 min of exposure
to diluted CO mixture in He as described in the Experimental sec-
tion. The DRIFT spectra in the carbonyl region for dumbbells con-
sisting of 4, 6 and 10 nm Au domains are shown in Fig. 5(a)-(c),
respectively. A carbonyl band was detected for all three dumbbell
catalysts at the wave number of ~2184 cm™~!, which then shifted to
the lower wave number of 2182 cm™! by exposure time, in line
with the increase of surface coverage [33]. This band was attribu-
ted to Au’", [32] highlighting thus an electron transfer from the Au
domains to the FeOx ones. As a complementary test, monometallic
Au catalysts were also checked and a band was observed at lower
wave numbers of 2116 (4 nm Au), 2141 (6 nm Au) and 2141 cm™!
(10 nm Au), suggesting that the Au domains were more positively

4nm Au@FeOx
6nm Au@FeOx
10nm Au@FeOx

- FeOx
Fe,O, Reference

TCD signal (mv)

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 4. TPR profiles of 4 nm Au@FeOx (black line), 6 nm Au@FeOx (red line), 10 nm
Au@FeOx (green line), FeOx/Al,03 catalyst (black dashed line) and Fe;04 standard
(light blue line). The samples were pre-treated at 350 °C for 3 h before exposure to
5% v/v H, in Ar. The signal was collected while heating the catalysts from room
temperature to 900 °C at a rate of 20 °C/min.
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Fig. 5. DRIFTS spectra in the carbonyl region recorded during the adsorption of CO
at RT after oxidizing pre-treatment in 6% v/v O, in He, at 350 °C for 1 h, (a) 4 nm
Au@FeOx (b) 6 nm Au@FeOx and (c) 10 nm Au@FeOx.

charged in case of the dumbbells [32] (see Fig. S10 for details).
Another band was detected for the 4 and 6 nm Au@FeOx dumb-
bells in the wave number range of 2127-2145 cm™! which sug-
gests that there could be different Au adsorption sites in case of

dumbbell catalysts; some in vicinity of FeOx domain and some
only coordinated by Au atoms with different adsorption strengths.
Such a band was not detected in case of 10 nm Au@FeOx dumb-
bells, while a broad band associated with gas-phase CO could be
observed.

Another band was detected for the 4 and 6 nm Au@FeOx dumb-
bells at a wave number of 2208 cm~! which did not shift through-
out the exposure time (Fig. 5a and b). This band was attributed to
Fe?* as the formation of carbonyl band on low coordinated Fe?* is
reported in the literature [34]. Indeed, the FeOx/Al,03 catalyst
was also checked through the same procedure and the only band
observed was at 2208 cm™! (see Fig. S11 for details). It should be
noted that for 10 nm Au@FeOx, having the lowest Fe loading, this
band was hardly observed. Accumulation of CO in the gas phase
was also observed for all tests (i.e. absorption at the wave number
of 2125-2145 cm™!). A summary of the band assignments is given
in Table 3. To sum up, CO-DRIFTS results showed positively
charged gold species on all dumbbell catalysts. However, no signif-
icant differences among different Au sizes could be observed.

In addition to DRIFTS measurements, the prepared colloidal
dumbbell NCs (not supported on alumina) were further character-
ized by X-ray Photoelectron Spectroscopy (XPS). The XPS spectra of
the dumbbells were compared with those of the Au seeds and of
the FeOx NCs. As detailed in SI (Fig. S12 and related discussion),
XPS data supported our hypothesis on charge transfer from the
Au to the iron oxide domain for all dumbbell samples. Also with
this technique, no significant difference as a function of the Au
domain size could be observed, in line with the DRIFTS data.

The dumbbell NCs were further analyzed by HRTEM to study
the exposure of the Au domain to the surrounding environment.
As shown in Fig. 6(a), the Au domain was found to be almost
entirely covered by a layer of iron oxide in a considerable fraction
of the 4 nm Au@FeOx dumbbell NCs. On the opposite, the Au
domain was fully exposed in case of 6 or 10 nm Au@FeOx, as
shown in Fig. 6(b) and (c).

Further indirect indication of the exposure of the Au domain to
the reacting environment was provided by lodine (I,) etching, fol-
lowing the procedure detailed in the Experimental section. This
method was already reported by some of us in order to selectively
etch the gold domain of Au@FeOx dumbbell like NCs [35]. As
shown in Fig. 6(d)-(f), it could be seen that in the case of 6 and
10 nm dumbbells, a limited number of the Au domains were still
attached to FeOx, while in the case of the 4 nm Au domain size,
most of the metallic domains were still present, as shown also by
lower resolution images in Fig. S13. These data highlight that the
layer of iron oxide observed by the HRTEM analyses prevented
most of the gold domains in the 4 nm Au@FeOx dumbbells from
being exposed to the reacting environment and thus taking part
in the CO oxidation reaction [36]. The presence of an iron oxide
layer covering the metallic domain could be explained considering
the synthesis conditions and mechanism. As already proposed in
the literature [12,35], a shell of iron oxide is initially formed
around the Au seeds at ~200 °C. This initial shell undergoes a
transformation when the solution is annealed at 300 °C, which
results in the formation of a domain at the edge of the Au particle
while the shell is dissolved. When the Au seed is as small as 4 nm,
the applied thermal annealing could not effectively and completely
push the Au to the edge of the iron oxide domain. Even though we
cannot provide a quantitative estimation, the coating of the Au
domain in the 4 nm Au@FeOx NCs can justify the measured TOF

Table 3
Summary of the carbonyl bands assignment for CO DRIFT spectra.

CO in gas phase
2127-2145

Band assignment Au’* FeZ*

2182-2184 2208

Wave number (cm™!)
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Fig. 6. (a)-(c): HRTEM images of as synthesized Au@FeOx dumbbell-like NCs: (a) 4 nm, (b) 6 nm, (c) 10 nm Au@FeOx. (d)-(f): HAADF-STEM images of Au@FeOx dumbbell-
like NCs after I, etching treatment for 24 h at 50 °C: (d) 4 nm, (e) 6 nm, and (f) 10 nm Au@FeOx dumbbells.

value, which was significantly lower compared to what reported in
the literature.

4. Conclusion

In this work, Au@FeOx dumbbell NCs with different sizes of the
Au domain were successfully prepared and further tested as cat-
alytic materials in CO oxidation. Compared to Au/Al,03 catalysts
prepared from the same gold seeds, dumbbell-like Au@FeOx NCs
featured better performances in CO oxidation, highlighting a syn-
ergy between the Au and the FeOx domain in the dumbbell struc-
ture. Independently from the size of the Au domain, a hysteresis
was observed between the heating and cooling phases of the tran-
sient activity tests: such a phenomenon was attributed to the accu-
mulation of carbonate species at low temperature during the
heating phase of the experiment. The different size of the gold
domain resulted in different catalytic activity toward CO oxidation.
In line with literature reports on Au catalyzed CO oxidation, the
dumbbell catalyst with the smallest Au domain size (i.e. 4 nm)
showed the highest activity. We studied the charge transfer
between the Au and the FeOx domain, the effect of Au presence
on the reducibility of the FeOx domain and the effective exposure
of the Au surface to the reacting environment for all dumbbell cat-
alysts. The different Au size did not result in significant differences
neither of charge transfer nor of iron oxide reducibility. On the
other hand, we found out that in case of the smallest Au size (i.e.
4 nm), a significant fraction of the Au domains were actually cov-
ered by an iron oxide layer, while for the 6 and 10 nm Au@FeOx
dumbbells the Au domains were clearly exposed to the reacting
environment. We therefore concluded that in case of 4 nm
Au@FeOx dumbbells, the limited exposure of the Au surface and
thus of the Au-iron oxide interface to the reacting environment
prevented the full exploitation of the oxidation capability of the
dumbbells catalyst. The present work provides useful insights into
the correlation between the physicochemical properties of the
Au@FeOx dumbbell structures and their catalytic function. The
results presented herein could therefore help the rational design

of metal@metal-oxide dumbbell like heterodimers and their appli-
cation in heterogeneous catalytic processes.
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Figure S1. a) Time evolution of Mass Spectrometer (MS) signals at reactor outlet during the in-situ
activation procedure. b) Comparison of CO oxidation rate after pre-treatment at 350°C and 400°C for

the 4 nm Au@FeOx dumbbell sample.
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Figure S2. Typical BFTEM image of the colloidal Au NCs having different sizes of (a) 3.1 nm (b) 5.4

nm and (c) 10.5 nm with their corresponding size distribution profiles as insets.



Figure S3. Typical BFTEM image of a Au@FeOx sample synthesized from 3.1 nm Au seeds using a

lower Fe/Au ratio.



Figure S4. BSE-HRSEM images of the dumbbell catalysts after calcination (a) 4 nm Au@FeOx, (b) 6
nm Au@FeOx and (c) 10 nm Au@FeOx; scale bar is 100 nm. The brighter dots correspond to the Au

domains.



Figure S5. BFTEM images of the 4 nm Au@FeOx dumbbell catalyst after activation.
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Figure S6. DRIFTS spectra in the carbonates region recorded during the exposure at RT to a 1% v/v
CO, 6% v/v /0, (balance He) atmosphere. Before recording the spectra the sample was subject to an

oxidizing pre-treatment in 6% v/v O, in He, at 350 °C for 1 h.
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Figure S7. Catalytic activity of 4 nm Au@FeOx dumbbells. Black thick solid line: before the catalytic
test the sample was exposed to an oxidizing pre-treatment in 6% v/v O, in He, at 350 °C for 1 h. Red
thin line: the catalytic test was performed after cooling the sample to room temperature in reaction
atmosphere. No further pre-treatment was performed before the catalytic test. GHSV = 2.4E+7

Ncc/h/(g Au). Arrows indicate the heating-up and cooling-down procedure.



(@) o 4nmAu
m 4 nm Au@FeOx
= .\‘\.\.
5 14.5 kd/mol
o
8 014
IS)
IS
E 54 _16.4 kd/mol
] B
o =R 5
001 T T T T T T T T T T T
2.0 2.2 2.4 2.6 2.8 3.0 3.2
1000/T [1/K]
1
(b) O 6 nmAu
® 6 nm Au@FeOx
=)
S
B 14 kJ/mol
8 0.1+ \.\‘
IS)
IS
IS 12.8 kJ/mol
‘o GS@“@
E e
o-ol T T T T T
2.0 2.2 2.4 2.6 2.8 3.0 3.2
1000/T [1/K]
1
(c) 10 nm Au
10 nm Au@FeOx
=
<
oy
Y
38 014
©
€
E
[0
©
0.01 T T T T T
2.0 2.2 2.4 2.6 2.8 3.0 3.2
1000/T [1/K]

Figure S8. Comparison of the CO oxidation rate of the alumina supported Au@FeOx dumbbell and Au

catalysts. (a) 4 nm Au@FeOx Vs. 4 nm Au, (b) 6 nm Au@FeOx Vs. 6 nm Au and (c) 10 nm

Au@FeOx Vs. 10 nm Au.
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Figure S10. DRIFTS spectra in the carbonyl region obtained during the adsorption of CO at room
temperature on alumina supported 1 wt.% Au catalysts after oxidizing pre-treatment in 6% v/v O in

He, at 350 °C for 1 h.
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Figure S11. DRIFTS spectra in the carbonyl region obtained during the adsorption of CO at room
temperature on alumina supported FeOx catalyst (8 wt.% Fe) after oxidizing pre-treatment in 6% v/v

O in He, at 350 °C for 1 h.
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Figure S12. Comparison of Fe 2p and Au 4f XPS spectra collected on not-supported Au@FeOy

dumbbells, Au seeds and FeO, NCs.

In the first row of the Figure S9, the Fe 2p and Au 4f core level XPS spectra for FeOx NCs and Au NCs
of different sizes are represented. Au 4f7, component was observed at binding energy values of 83.6-
83.7 (£0.2) eV for all sizes of Au, corresponding to the presence of metallic Au [1]. Fe 2p profile
instead is indicative of the presence of Fe*" in the sample, since the main peak — satellite distance is
approx. 8 eV [2]. The presence of a shoulder at 708 eV suggests that Fe® could also be present in the

sample, likely in the core of the FeOyx domain, since the samples have been exposed to air. By

13



comparison, the XPS spectra collected on the dumbbells show an almost unchanged Fe 2p profile and a
tiny shift to higher binding energy of the Au 4f peaks, suggesting that there is electron transfer from the
Au domain to the FeOyx domain [3]. The shift towards higher binding energy was slightly more

pronounced for 6 nm Au@FeOy compared to the other dumbbells.
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Figure S13. HAADF-STEM images of the Au leached dimers, (@) 4 nm (b) 6 nm and (c) 10 nm

Au@FeOx dimer samples. The sample were treated with lodine in hexane solution for 24 h.
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Evaluation of Turn over Frequency (TOF):
We report the rate of reaction as:

molCO2produced  COfeed (Ncc/min)-COconversion
S 60 (s/min)-22.414 (cc/mol)

We assumed spherical gold NPs and considered that only half of the sphere was exposed to the
reacting atmosphere (i.e. half of the sphere is embedded in the iron oxide domain). The content of gold
was measured by ICP. We consider bulk gold density and the area occupied by surface gold atoms to

be 1.9 E-5 mol/m? [4]. TOF was thus calculated as:

molCOZ2produced 1
S molAu

TOF =
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Chapter 111"

Nanoscale Transformations
of Alumina-Supported AuCu
Ordered Phase Nanocrystals

and Their Activity in CO
Oxidation®

! TEM and EDS measurements were done by R. Brescia; SEM and XRD by S. Marras; All other activities including
experimental, results interpretation and manuscript preparation were performed by S. Najafishirtari under supervision of P.
Guardia (for synthesis) and M. Colombo (for all characterizations, catalytic experiments, and results interpretation) and L.
Manna (for manuscript preparation).
? Reprinted with permission from S. Najafishirtari et al., ACS Catal., 2015, 5 (4), pp 2154-2163. Copyright (2015)
American Chemical Society.
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ABSTRACT: In this work we applied colloidal preparation
methods to synthesize AuCu nanocrystals (NCs) in the
ordered tetragonal phase with an atomic composition close to
50:50. We deposited the NCs on a support (ALO;), studied
their transformations upon different redox treatments, and
evaluated their catalytic activity in the CO oxidation reaction.
The combined analyses by energy dispersive X-ray spectros-
copy (EDX)-scanning transmission electron microscopy
(STEM), selected area electron diffraction (SAED), and in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) highlighted a phase segregation between gold and
copper upon the high-temperature (350 °C) oxidizing

5% H, 6% 0,
T=350°C T=350°C
\ Cu/Cu,0
(X s il Y
Alumina ucu o <, ‘& & ,Q g o <L D
oo LY s s ® O3

Fully Reduced

| 0.06

0.16
Fully Oxidized

' 0.03

mmol CO/gp,c./s @100 °C

treatment. While gold remained localized in the NCs, copper was finely dispersed on the support, likely in the form of oxide
clusters. AuCu alloyed NCs, this time in the form of solid solution, face-centered cubic phase, were then restored upon a
reducing treatment at the same temperature, and their catalytic activity was significantly enhanced in comparison to that of the
oxidized system. The composition of the NCs and consequently the CO oxidation reaction rate were also affected by the CO/0O,
reacting atmosphere: regardless of the pretreatment, the same catalytic activity was approached over time on stream at
temperatures as low as 100 °C. Consistently, the same situation was observed on the catalyst surface as probed by EDX-STEM,
SAED, and DRIFTS. All of these transformations were found to be fully reversible.

KEYWORDS: AuCu, bimetallic nanocrystals, nanoalloy, CO oxidation, DRIFTS

. INTRODUCTION

Bimetallic nanocrystals (NCs) have caught researchers’
attention in catalysis over the past decade." While conventional
preparation methods have been extensively applied to provide
bimetallic catalysts with enhanced performances, the use of
NCs in catalyst preparation offers the additional possibility to
finely tune the size and the composition of the metallic active
sites and to exploit synergetic effects between different metals."*
Such a synergy is usually the result of electronic or structural
modifications of the active sites arising from interactions among
metals (such as alloying) at the nanoscale, which can eventually
result in a material with enhanced catalytic properties.’

Bimetallic catalysts composed of Au and a secondary metal
are among the most widely studied materials in heterogeneous
catalysis, with particular interest in CO oxidation.”> The
presence of a base metal such as Ag, Ni, Co, or Cu**? can
indeed facilitate electron transfer to oxygen molecules while
maintaining good CO adsorption capacity in comparlson to
monometallic Au and thus enhancing the catalytic activity.” f As
an example, catalysts based on Au—Cu alloys have been
reported to be promising and effective in low-temperature CO
oxidation, as they exhibit higher activity and resistance against
sintering in comparison to monometallic Au catalysts. 3abd% o
the other hand, the effect of redox treatments on bimetallic

W ACS Publications  © Xxxx American Chemical Society 2154

AuCu catalysts and the resulting changes in the catalytic activity
toward CO oxidation are still debated in the scientific literature,
and conﬂlctmg results have been reported.

Liu et al.* prepared a Au-Cu/SBA-15 catalyst by means of
consecutive reduction of Au and Cu precursors and studied the
structural changes of the prepared catalyst in different
conditions. They reported that, when Cu was in the form of
an oxide and was attached to the Au NCs as a layer or patches
of CuO, the catalyst was highly active in the CO oxidation. In
contrast, the catalyst was inactive when Cu in the metallic state
was alloyed with Au. The effectiveness of Cu oxide species in
the bimetallic Au-Cu catalyst used in oxidation reactions has
been reported in other works as well>***** Mozer et al.>
studied the effect of Cu loading on the CO oxidation activity of
an alumina-supported Au catalyst prepared by deposition—
precipitation. The authors showed that there was a correlation
between activity and Cu loading. While low amounts of copper
were beneficial for the CO oxidation activity, high copper
contents caused blocking of the Au actlve sites, thus decreasing
the catalytic activity. Sandoval et al.** prepared a Au-Cu/TiO,
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catalyst by sequential deposition—precipitation and studied the
effect of the Au/Cu ratio and of the activation treatment. They
reported the highest activity in CO oxidation for the catalyst
with a Au:Cu ratio of 1:0.9 after activation in air at 300 °C and
attributed the high activity to the formation of an Au/CuO/
TiO, structure. Bauer and co-workers® studied the effect of
different pretreatments on the CO oxidation activity of AuCu
catalysts formed by reduction and diffusion of Cu into Au NCs
already supported on silica. They observed that the activity of
ordered AuCu alloy NCs, formed by reducing the catalyst
under an H, atmosphere, was negligible at room temperature
but started increasing when the temperature reached the level
at which the segregation of Cu and the formation of amorphous
Cu oxide occurred. Consistently, a much higher CO oxidation
activity was observed when the sample was pretreated in O, at
high temperatures.

A different scenario was described by Yin et al,® who
thoroughly investigated the properties of AuCu alloyed NCs
synthesized by both wet chemical methods and nanoscale
alloying. They reported the activity of such NCs supported on
carbon and silica in the CO oxidation. The catalyst with a
Aug,Cuyy composition, supported on C, was more active when
exposed to a reducing treatment than to an oxidizing one,
although for copper-rich NCs (Au,;Cug,/C), the difference was
not as significant. They claimed that the formation of a large
number of surface oxygenated Cu species after the oxidizing
pretreatment blocked the surface of Au NCs, thus inhibiting the
CO oxidation. They did not observe phase segregation between
Au and Cu.

Most of the reports mentioned above referred to AuCu
catalysts that were obtained according to conventional
preparation methods: for example, coprecipitation or coimpreg-
nation. Although these methods are relatively simple and
scalable, their main drawback is that they are often
characterized by a poor control over NCs size and composition.
Considering the complex transformations that nanoalloys
undergo upon activation treatments and catalysis, a strong
heterogeneity of the synthesized material can yield drastically
different results. In order to overcome this limitation, in this
work we followed colloidal preparation methods to synthesize
size-tunable AuCu NCs of well-defined composition (Scheme 1
left, center left, and center right sketches). Colloidal synthesis
indeed allowed the fine tuning of the NC size, shape, and
composition at a level which is typically not achievable with
classical catalyst preparation methods.” By means of colloidal

Scheme 1. Sketch of Seeded Growth Protocol for AuCu
Colloidal NC Synthesis, Preparation of the Catalyst, and CO
Oxidation Catalytic Tests: (Left) Reduction of the Starting
Au’* Precursor in Solution To Form (Center Left) Au NCs
and Addition of a Cu*" Precursor Leading to (Center Right)
the Formation of AuCu NCs, Which Are Then Mixed with
Alumina Grains To Prepare (Right) the Final Catalyst for
the CO Oxidation Reaction

C0+0,
l Alumina
+TBAB +Cu* - @ Alumina P
_— _—) e’
Au NCs AuCu NCs l
co,
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deposition we effectively prepared an alumina-supported
catalyst and studied the effect of different activation treatments
on catalyst morphology, composition, and CO oxidation
catalytic activity (Scheme 1, right image).

The exposure at high temperature (350 °C) to an oxidizing
environment caused a phase segregation between gold and
copper, which was found to be detrimental for the CO
oxidation reaction. On the other hand, AuCu alloyed NCs were
restored when the catalyst was exposed to a reducing
environment and the catalytic activity was then significantly
enhanced. The CO/O, reacting atmosphere also caused
changes in the NC composition and consequently in the
reaction rate: for a reduced system the catalytic activity
progressively decreased with time on stream, as a consequence
of Cu dealloying and of partial migration on the support
surface. On the other hand, when starting from a fully oxidized
situation, the reaction environment caused a partial realloying
of Cu, which in turn resulted in the progressive increase of the
catalyst activity. All of these transformations were found to be
fully reversible.

2. RESULTS

2.1. Characterization of the as-Synthesized AuCu NCs.
Colloidal Au NCs were prepared by fast reduction of Au®" at
room temperature® and were kept suspended in hexane (see
the Experimental Section). The uniformity of the as-
synthesized NCs was verified by transmission electron
microscopy (TEM, see Figure S1 in the Supporting
Information). The size distribution was obtained by statistical
size measurement including 450 particles (see the inset of
Figure S1), which yielded an average particle size of 3.1 + 0.4
nm, confirming a monodispersed size distribution, considering
the criterion of having ¢ < 15%.” These NCs were further used
to prepare the AuCu NCs (atomic Au:Cu = 50:50) through a
seed-based diffusion mechanism:'° according to Chen et al,'®
Cu** ions were reduced to highly active Cu” atoms or clusters
by a mild reducing agent, ie. oleylamine (OlAm), and reacted
with the surface of Au NCs. The Cu atoms diffused then from
the surface of the Au NCs to their interior, resulting in the
formation of a AuCu solid solution. OlAm acted also as a
stabilizing agent.'' The size distribution of the as-synthesized
AuCu NCs was estimated in a manner similar to that for the Au
seeds, by measuring the sizes of 450 particles (Figure 1).
Having a mean size of 6.1 & 1.0 nm, it was concluded that the
size distribution was narrow, according to the criterion of ¢ <
20%.” Elemental mapping by means of scanning TEM-energy-
dispersive X-ray spectroscopy (STEM-EDX) over several NCs
indicated a homogeneous distribution of Au and Cu within
each NC (see Figure le—h).

The composition of the alloy NCs was quantitatively
analyzed by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and scanning electron microscopy
(SEM)-EDX: the first technique gave an atomic Au:Cu ratio of
53:47, while the second technique gave a ratio of 48:52 (see
Figure S2 in the Supporting Information). Both values were
close to the desired target of Au:Cu = 50:50. The ratio between
the amount of copper in the final product and the amount of
copper in the precursors was around 95%, thus highlighting the
high yield of the applied synthesis protocol. X-ray diffraction
patterns collected from the NCs (Figure 1d) were in agreement
with a body-centered-tetragonal structure, corresponding to an
ordered AuCu alloy, which was previously reported for Au:Cu
atomic ratios of around 1.'>'> SAED patterns collected from
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Figure 1. (a) Typical bright-field (BF)-TEM image of the as-prepared
AuCu colloidal NCs. (b) Size distribution histogram obtained by
measuring 450 NCs. (c) High-resolution TEM (HRTEM) image of a
single AuCu NC matching with the [011] zone axis of tetragonal
AuCu (JCPDS No. 01-071-5024). (d) X-ray diffraction (XRD) and
azimuthally integrated, background-subtracted, selected area electron
diffraction (SAED) pattern of as-prepared AuCu alloy NCs.
Experimental data are compared with the database powder XRD
pattern for tetragonal AuCu (JCPDS No. 01-071-5024). (e—h) High-
angle annular dark field-scanning TEM (HAADF-STEM) image and
corresponding quantitative EDX maps (intensity proportional to
atomic percent) for Au and Cu, showing homogeneous distribution of
the two elements for NCs in the starting colloidal sample. The noise
observed outside the NCs is caused by irradiation-induced carbon
contamination, caused by the presence of residual organics.

areas including hundreds of NCs of the same sample agree with
the XRD results (Figure 1d). On the basis of the results of
structural characterization, it can be additionally concluded that
NC sintering must have occurred during the AuCu synthesis,
likely during the annealing step at 280 °C, which is essential to
obtain an ordered AuCu alloy, as demonstrated by Chen et al.'®
In the absence of NC sintering, the starting Au NCs with an
average size of 3.1 nm would indeed evolve to ~3.7 nm AuCu
NCs and not to 6.1 nm, as measured for the synthesized AuCu
NCs (see the Supporting Information for additional details on
calculations). Further evidence of alloy formation was provided
by comparison of the visible light absorption spectra of the Au
and AuCu NCs, shown in Figure S3 in the Supporting
Information. Consistent with alloy formation, the plasmon peak
of Au at 520 nm was shifted toward the plasmon peak of Cu at
561 nm by about 27 nm in the case of the AuCu (atomic
Au:Cu = 50:50) alloy NCs, in line with what has been reported
in the literature.'>"?

2.2. Catalytic Activity Results. To evaluate the catalytic
activity of the synthesized AuCu NCs in the CO oxidation, the
NCs were deposited on y-AL,O; and exposed to different
activation treatments prior to catalytic tests, following the
procedures described in detail in the Experimental Section. The
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transient activity of 1 wt % AuCu/AlLO; catalyst in CO
oxidation for three runs, each of them performed after the
oxidizing pretreatment, is shown in Figure 2a. On investigation

100 - . o
A/{}’ :
(a) 7
L '/
g © .37/‘ 1
< /) 5t
5 60} 4 n
'% Cooling | %/ ——38
) / ’/A 1
g2 40t e,
8 ./.’ J4 ' Heating
8 20} Jz‘:/
/'AA
A
0 _?':_a‘t\af;'/f s . . .
0 50 100 150 200 250 300
Temperature (°C)
100 - I
l"
(b) oo
80+ »
S S
T &K |
& 60F <
2 W Of
) r§ /
Z 40 o IS
[} s Oy | &
© o - / &
8 2 W <
© I —s— After reducing
After oxidizing
0 L I I L 1 L
0 50 100 150 200 250 300
Temperature (°C)
80
700 (o) —=— After reducing
—a— After oxidizing
;\;‘ 60 -
5 50
» -0
5 40T TN .
: Ll""W*:_.'-L.,:,-;._- v By Aen
g %or Lo
0 pep e YT
S 20+ /‘},t/k/‘\‘ 4
10 ot
O 1 1 1 1 1 L 1
0 4 8 12 16 20 24

Time on Stream (h)

Figure 2. Catalytic activity data for the 1 wt % AuCu/Al,O; catalyst in
CO oxidation: (a) catalytic activity during three reaction cycles (first,
fifth, and eighth) after the oxidizing pretreatment; (b) catalytic activity
after oxidizing and reducing pretreatments; (c) steady-state activity
data at a constant temperature of 100 °C after oxidizing and reducing
pretreatments. Conditions: CO 1% v/v; O, 6% v/v; GHSV = 3000000
Necc/(h (g of AuCu)).

of the black square dots (first test after the initial activation
procedure described in the Experimental Section), it can be
noted that, during the heating phase of the experiments, the
catalyst was almost inactive at low temperature and then the
conversion gradually increased with temperature and reached
100% at a temperature of ~200 °C. During the cooling phase of
the test, the catalytic activity decreased with temperature,
resulting in a small but evident hysteresis, so that the activity at
a given temperature during the cooling phase was higher than
that in the heating phase. Figure 2a reports the first, fifth, and
eighth reaction cycles performed after the oxidizing pretreat-
ment on the same catalyst batch. A comparison among the
three curves provides useful information about the stability of
the catalyst with time on stream and about the effectiveness of
the oxidizing pretreatments to restore the same surface
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situation after the catalytic tests. Indeed, the catalyst was
initially activated under an oxidizing atmosphere after being
loaded in the reactor, and then various series of tests were
performed, exposing the catalyst to different pretreatments, i.e.
oxidizing and reducing without any specific order, always
followed by a reaction cycle. Regardless of the history of the
sample, the activity toward CO oxidation after oxidizing
pretreatment was extremely stable and reproducible, as
supported by the data displayed in Figure 2a. Moreover, we
observed a clear indication of synergy between Au and Cu by
comparing the alumina-supported AuCu catalyst against a
monometallic Au/Al,O; catalyst (see Figure S4 in the
Supporting Information). Even though we employed smaller
Au NCs, which should be more active in CO oxidation, the
synergy between Au and Cu led to a superior performance for
the 6 nm AuCu NCs catalyst, especially at temperatures above
100 °C.

When the catalyst was pretreated according to the reducing
protocol described in the Experimental Section, the catalytic
activity in CO oxidation dramatically changed (Figure 2b). The
sample exhibited about 15% conversion already at room
temperature, corresponding to a significantly higher activity in
comparison with that observed after the oxidizing pretreatment.
The CO conversion then increased with temperature,
approaching 100% at about 200 °C. During the following
cooling phase of the test, the reduced sample exhibited a lower
activity in comparison to the heating transient, resulting in a
reverse hysteresis in comparison to the same sample after the
oxidizing pretreatment. Interestingly, the catalytic activities
during the cooling transients of both reduced and oxidized
catalysts converged. When the sample was then heated again in
a second reaction cycle without any further pretreatment, the
catalytic activity in CO oxidation almost overlapped with that of
the prior cooling transient (see Figure SS in the Supporting
Information), thus resulting in a performance closer to that
observed after an oxidizing pretreatment.

In addition to the transient tests, the catalyst was also tested
in CO oxidation at a constant temperature of 100 °C for 24 h
(Figure 2c). The catalyst lost ~25% of its initial activity when
the test followed the reducing pretreatment, approaching a
conversion value of ~30% after 24 h of time on stream. The
oxidized catalyst instead gained activity during 24 h of exposure
to CO/O, atmosphere, eventually approaching the same
conversion value as the reduced catalyst after 24 h.

To benchmark the catalytic activity of the prepared sample,
we evaluated the initiall CO oxidation rate at 25 °C after
reducing pretreatment. As shown in Table 1, the synthesized

Table 1. Comparison of CO Oxidation Rates for AuCu
Catalysts

tem CO oxidation rate
catalyst (°c (mol of CO/(ga./h)) source
AuCu/AL O, 25 0.30 this work
AuCu/TiO, 20 0.27 ref 3d
AuCu/SiO, 25 0.43 ref 3a

catalyst sample, when pretreated according to the reducing
protocol, exhibited a CO oxidation rate which was comparable
to those reported for AuCu/TiO,>® and AuCu/SiO,* catalysts
under similar conditions.

2.3. Characterization of the AuCu/Al,O; Catalyst. In
order to shed light on the catalytic activity changes observed
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upon the applied pretreatments, as well as upon exposure to
reaction atmosphere, we characterized the AuCu/Al,O; catalyst
by means of TEM and CO/NO adsorption in situ diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
at three different stages: namely, after oxidation pretreatment,
after reducing pretreatment, and after a reaction cycle.
Overview STEM-HAADF images of the catalyst in the three
mentioned conditions are reported in Figure S6 in the
Supporting Information. For the three conditions, we observed
a homogeneous distribution of the NCs on the surface of the
alumina grains, with no evident differences in the NC sizes for
the different treatments. Despite the presence of few larger
particles, highlighted by the asymmetric size distribution
reported in Figure S6d—f, we can conclude that the initial
size distribution of the NCs was essentially preserved.
Additionally, the extremely stable catalytic activity measured
during the entire catalyst testing period indirectly proved the
absence of significant sintering phenomena with time on
stream, in line with what has already been reported in the
literature on the effect of Cu in increasing the stability and
sintering resistance of AuCu catalysts.**~#**

Furthermore, the transformations of the AuCu NCs were
followed locally after oxidizing or reducing pretreatments and
after one cycle of reaction by STEM-EDX (see Figure 3a—c).
After oxidizing activation, Au was localized within the NCs
while a diffuse signal from Cu was observed over all of the
alumina support. This result is in contrast with the speculation
of Sandoval et al*! about the migration of Cu atoms and the

(d) T Oized catayst
= Reduced catalyst
— = Catalyst after reaction cycle
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Figure 3. HAADF-STEM images and corresponding quantitative EDX
maps (intensity proportional to atomic percent) for Au and Cu after
(a) oxidizing pretreatment, (b) reducing pretreatment, and (c)
reaction cycle. (d) Azimuthally integrated, background-subtracted
SAED patterns of the 1 wt % AuCu/AlO; catalyst after oxidation,
after reduction, and after one cycle of reaction, in comparison to AuCu
colloidal NCs. The experimental patterns are compared to database
powder XRD patterns for Au (JCPDS No. 00-004-0784) and AuCu
(JCPDS No. 01-071-5024).
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following formation and accumulation of Cu oxide under the
Au particles after such oxidizing treatment. In contrast, both Au
and Cu are localized within the particles after the reducing
pretreatment, with a weak Cu signal detected on the support.
After one cycle of reaction, an intermediate condition was
observed, with Au clearly localized within the NCs and a
slightly higher concentration of Cu within the NCs with respect
to the support.

XRD analyses of the catalyst at the three different stages did
not lead to conclusive results on the accompanying structural
transformations involving the NCs, due to the proximity of the
high-intensity peaks from y-Al,O; to the significant features
from the metallic NCs and to the low volume fraction of the
latter species (see Figure S7 in the Supporting Information).
Because of its local character, SAED could instead follow the
structural transformations for alumina grains characterized by a
relatively high NC loading, albeit with a resolution and
precision lower than those of XRD. SAED analyses of the
catalyst in the three different stages, in comparison with the
pattern obtained on the parent colloidal NCs, are reported in
Figure 3d. After oxidizing activation, the diffraction peak
positions matched those of Au, while after the following
reducing pretreatment a cell contraction was observed. The
comparison with the pattern obtained from the parent colloidal
particles showed that the initial order of the AuCu tetragonal
phase was lost at this stage, while the reduction treatment led to
bimetallic NCs in a less ordered solid solution phase (face-
centered cubic (fcc) structure), with about 46 atomic % Cu.
Within the precision of SAED, no significant differences were
observed in the patterns between the catalyst after the oxidizing
treatment and after one cycle of reaction, suggesting that in the
latter case the Cu atoms were not incorporated in the fcc
structure of the Au NCs.

While TEM characterization provided useful information on
the evolution of NC composition and structure upon the
different treatments, DRIFTS tests were performed to track the
evolution of metal oxidation states on the same samples. To do
this, we selected two probe molecules, CO and NO, and
studied their interaction with the catalyst surface. CO has
indeed been reported to form carbonyl species on Au’, AW’
Cu’ and Cu",'* while NO forms stable nitrosyl species
selectively on Cu?"."** Figure 4a,b shows respectively the IR
spectra in the carbonyl region after 10 s and 42 min of exposure
to the carbon monoxide mixture at room temperature (for the
same sample pretreated under either an oxidizing or a reducing
atmosphere), while Figure 4c reports the IR spectra in the same
region after 40 min of purging at room temperature under a He
atmosphere. As can be seen, after 10 s of exposure (Figure 4a),
the reduced sample exhibited a main peak at 2130 cm™" with a
shoulder at 2102 cm ™", while the oxidized sample had only one
peak at the bigger wavenumber of 2137 cm™". Considering that
Cu’* does not form carbonyl species at room temperature, the
only band observed at 2137 cm™" over the oxidized sample can
be reasonably assigned to Au®*—CO species.'® This assignment
was confirmed by performing CO adsorption on the
monometallic Au/ALO; catalyst (see Figure S9a in the
Supporting Information): a band was observed at 2142 cm™
on the oxidized Au catalyst, in line with what was observed over
the oxidized AuCu/AlLO; catalyst. For the latter sample, the
presence of Cu” carbonyl species was ruled out by monitoring
the desorption phase of the experiment: Cu’ is indeed reported
to form carbonyl species that are stable at room temperature
upon evacuation in the 2122—2132 ecm ™ region.>***" After 40
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Figure 4. DRIFTS spectra in the carbonyl region recorded during the
adsorption (a, b) and desorption (c) of CO at room temperature on
the 1 wt % AuCu/AlLO; catalyst. The sample was either oxidized
(black dashed curves) or reduced (red curves) prior to the test.
Spectra were taken after (a) 10 s and (b) 42 min of exposure to the
probe gas (0.2% v/v CO, balance He) and after (c) 40 min of purging
under a He atmosphere.

min of purging in He, no residual carbonyl band could be
observed, as shown in Figure 4c, indicating the absence of any
Cu" species.

When the monometallic Au/Al,O; catalyst underwent the
reducing pretreatment, the following CO adsorption test
resulted in the shift of the carbonyl band to 2116 cm™ (see
Figure S9b in the Supporting Information), in line with the
shift reported in the literature from Au’* to Au®>*'* The
shoulder at 2102 cm™" on the reduced AuCu/Al,Oj; catalyst can
thus be attributed to Au’, while the bands at 2130 and 2123
cm™" in the case of the reduced catalyst can be assigned to Cu*
or Cu’ as they are both known to form carbonyl species at
room temperature between 2122 and 2132 cm™.'**%'® The
dominant presence of Cu” is supported by SAED, which proves
AuCu alloy formation. However, the presence of residual Cu*
species was confirmed by monitoring the desorption phase of
the experiment: as reported in Figure 4c, the reduced sample
showed a residual carbonyl band even after 40 min of purging
at room temperature, consistent with the formation of stable
Cu® carbonyls.'* The reduced sample also exhibited higher
intensities for the carbonyl bands, which can be a qualitative
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indication of higher capacity of the reduced sample for CO
adsorption.

A comparison between the initial absorption after 10 s of
exposure (Figure 4a) with the final absorption after 42 min
(Figure 4b) indicates that, regardless of the type of pretreat-
ment, the main peaks were slightly shifted to lower wave-
number by ~8—10 cm™', while the intensities of carbonyl
species increased. Both trends are consistent with the increase
of CO surface coverage with exposure time. The accumulation
of CO in the gas phase is also evident by observing the
evolution of the absorption at ~2170 cm™.

NO adsorption at room temperature was studied to detect
the presence of Cu®* on the surface of the catalyst after
different pretreatments. The formation of nitrosyl species was
monitored following the evolution of IR spectra in the 1800—
2250 cm™" range during 42 min of exposure to 650 ppm of NO
in He. After 10 s of exposure, the absorption spectrum of the
reduced catalyst (Figure Sa) was still almost flat, indicating no
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Figure 5. DRIFTS spectra in the nitrosyl region obtained during the
adsorption of NO at room temperature on the 1 wt % AuCu/Al, O,
catalyst. Spectra were taken after 10 s, 100 s, and 42 min of exposure
to the probe gas on the same sample that was either reduced (a) or
oxidized (b) prior to the test. Probe gas composition: 650 ppm of NO,
balance He.

adsorbed NO species and thus no Cu** on the catalyst surface.
This is line with the reduction of Cu species inferred from the
TPR test (see Figure S8 in the Supporting Information).
However, after prolonged exposure to the NO stream, three
main bands centered at around 1875, 2121, and 2232 cm™!
appeared. The first band can be assigned to Cu®' nitrosyl
species'** and the second and the third bands to the formation
of respectively NO* and N,O adsorbed on the alumina
surface.'**'” The formation of these species is consistent with
the presence of NO, contamination in the NO stream. Such a
contamination likely arises from the disproportionation
reaction of NO (3 NO < N,O + NO,), which leads to the
formation of N,O and NO, (with the latter known to be a
strong oxidizing agent) and which justifies the formation of
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Cu*" nitrosyl species."*'®* NO DRIFTS on monometallic Au/
ALO; catalyst (see Figure S10 in the Supporting Information)
evidenced the same broad band at 2121 cm™" for both oxidized
and reduced catalysts, in line with the presence of NO,
contamination, while no nitrosyl formation was detected on
the same sample.

A different scenario was observed when the oxidized catalyst
was exposed to NO. Figure Sb indeed shows several peaks in
the region of 1910—1840 cm ™" already after 10 s of exposure to
NO, indicating the formation of different Cu®** nitrosyl
species."**'®® With longer exposure time, the intensity of the
nitrosyl bands increased, accompanied by the formation of new
features at around 2140 and 2232 cm™. In line with the
assignments on the prereduced sample, these bands are
assigned respectively to NO* and N,O species."**'® The
absence of nitrosyl species on Au was verified by means of a
control experiment as specified above.

IR spectra were also taken after a CO oxidation reaction
cycle, which was performed following an oxidizing or reducing
pretreatment. Spectra of CO adsorption at room temperature
after 100 s of exposure to the probe stream are shown in Figure
6. The oxidized and reduced catalysts after a CO oxidation
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Figure 6. DRIFTS spectra in the carbonyl region obtained during the
adsorption of CO at room temperature on the 1 wt % AuCu/Al,O,
catalyst. The sample was first either oxidized (black dashed curves) or
reduced (red curves) and then exposed to a CO/O, reaction cycle
prior to the adsorption test. Spectra were taken after 100 s of exposure
to the probe gas (0.2% v/v CO, balance He).

reaction cycle have very similar spectral features: in both cases
we observe one peak at ~2130 cm™} already attributed to
Au’*/Cu’/Cu® carbonyls, as well as a shoulder at 2102 cm™,
which is attributed to CO adsorption on Au’. The various
infrared band assignments are summarized in Scheme 2.
These results are in line with the catalytic activity tests. We
have indeed shown that the CO oxidation catalytic activity of
the catalyst after one cycle of reaction converged to the same
value during the cooling phase of the transient reaction test,

Scheme 2. Infrared Band Assignments for Carbonyl and
Nitrosyl Species Identified on the Catalyst Surface by Means
of in Situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS)

co co co NO
/ / /
After oxidation  Not Detected 2130-2137 cm™? Not Detected 1845-1902 cm™
After reduction 2102 cm* Not Detected 2123-2130cm* Not Detected
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Scheme 3. Sketch of the AuCu NC Transformations as a Function of the Activation Treatment and Reaction Environment:
(Top) Starting AuCu NCs after Colloidal Deposition; (Bottom Left) after Oxidizing Pretreatment; (Bottom Center) after

Reaction Cycle; (Bottom Right) after Reducing Pretreatment
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regardless of oxidizing or reducing pretreatments (Figure 2).
Consistently, DRIFTS tests indicated that the same surface
species were detected after a reaction cycle, independently from
the initial condition of the catalyst.

3. DISCUSSION

The supported bimetallic AuCu NCs underwent structural
changes upon exposure to different gas atmospheres. On the
basis of our TEM and DRIFTS studies, we can deduce that
exposing the catalytic system to reducing or oxidizing
environments led to two opposite scenarios: while a reducing
treatment led to the formation of AuCu disordered alloy NCs
(Scheme 3, bottom right image), a strongly oxidizing treatment
caused a phase segregation between gold and copper. While
gold remained localized in NC entities, copper was finely
dispersed on the support (in this case Al,Oy), likely in the form
of oxide clusters (Scheme 3, bottom left image). The presence
of Cu** (e.g, CuO) was supported by combined CO and NO
adsorption DRIFTS studies. We observed the formation of
different Cu**—nitrosyl species, indicating the existence of
different Cu** sites on the surface. Considering the high
dispersion of Cu on the support surface, different nitrosyl
species can result from oxide clusters localized in different
chemical environments (e.g,, CuO localized on or close to Au
NCs, isolated CuO clusters on Al,O;).

The different situations observed on the catalyst surface after
oxidizing or reducing pretreatments resulted in a dramatic
change of the catalyst performance, indicating a strong
structure/activity relationship for the studied catalytic system.
The phase segregation between Au and Cu and the migration
of the latter on the alumina support observed after the oxidizing
pretreatment was found to be detrimental to the catalytic
activity in CO oxidation. This is in line with many literature
reports on Au-catalyzed CO oxidation, where the presence of
an interface between gold and a reducible metal oxide is
considered as the catalytically active region of the catalyst
surface.”'” In agreement with this interpretation, the intimate
contact between Au and Cu in the alloyed NCs obtained with a
reducing treatment (Scheme 3, bottom right image) boosted
the CO conversion.>*® Our data support the hypothesis that
exposure to the reactive atmosphere (mostly oxidizing due to
the presence of a large excess of O,) resulted in the sudden
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formation of CuO clusters/patches in intimate contact with the
Au surface: the adsorption and activation of oxygen provided by
Cu then enhanced the catalytic activity.***”*" Increasing the
temperature under the same atmosphere then resulted in the
progressive migration of Cu on the support and the subsequent
decrease of catalytic activity (Scheme 3, bottom center image).
In contrast, when starting from a fully oxidized situation
(Scheme 3, bottom left image), exposure to the reactive
atmosphere (partially reducing due to the presence of CO)
resulted in the partial back-migration of Cu to the Au NCs
(Scheme 3, bottom center image), leading then to a slightly
enhanced activity during the cooling transient of the test. In
agreement with this interpretation, the performance of the
same sample in a second reaction cycle, carried out without the
application of any pretreatment, almost overlaps with that
observed during the cooling transient of the first cycle (Figure
S5 in the Supporting Information). Interestingly, these
structural changes were significant at temperatures as low as
100 °C, even though their kinetics were slow: indeed after 18—
20 h at 100 °C under the same reaction atmosphere, the same
catalytic activity was approached, regardless of the initial
situation of the catalyst surface. Consistently, the same situation
was observed on the catalyst surface, as probed by CO
adsorption monitored by DRIFTS.

The reproducibility of the catalytic activity data during
noninterrupted cycles of pretreatment/test proved both the
stability of the synthesized material and the effectiveness of the
applied pretreatments in restoring the same surface situation,
independently from the catalyst pretreatment/test history.

The observed process of phase segregation caused by
exposure to different atmospheres has often been reported in
the case of bimetallic catalysts.”® This segregation was shown to
be size and support dependent;** thus, different results can be
expected by changing the size of the NCs and the support
where the NCs are deposited. The observed process of copper
migration on the alumina surface, evidently driven by
temperature and gas composition, can also be strongly
influenced by the support material, thus leading to different
situations even when applying the same pretreatment protocols.
These aspects need to be further explored in future works, in
order to rationalize the effect of different pretreatments on the
catalytic activity of AuCu catalysts.
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4. CONCLUSIONS

We studied the transformations that colloidal AuCu ordered
phase NCs supported on AlL,O; underwent upon different
redox treatments and correlated such changes with the catalytic
activity in the CO oxidation reaction. By means of different
characterization techniques we highlighted a phase segregation
between gold and copper upon a high-temperature (350 °C)
oxidizing treatment. Copper was found to be finely dispersed
on the support, likely in the form of oxide clusters, while gold
remained localized in the NCs. The weak interaction between
the two metals resulted in poor CO oxidation activity.
However, a high-temperature (350 °C) reducing treatment
was able to restore the AuCu alloyed NCs, albeit in the form of
a solid solution, face-centered cubic phase. The intimate
contact between the two metals was most likely the reason for a
significant enhancement of the CO oxidation catalytic activity.
We also observed that the CO/O, reacting atmosphere affected
the composition of the NCs: as a result, also the CO oxidation
reaction rate changed with time on stream, even at temper-
atures as low as 100 °C. These transformations were fully
reversible, with alloyed AuCu NCs restored upon the high-
temperature reducing treatment, regardless of the catalyst
history.

5. EXPERIMENTAL SECTION

5.1. NC Synthesis and Catalyst Preparation. Au NCs (3
nm) were synthesized using the procedure reported in ref 8
with some modifications, specifically in the synthesis temper-
ature and washing procedure. Typically, 100 mg of HAuCl,
3H,0 (Sigma-Aldrich) was mixed with 10 mL of oleylamine
(OlAm, Sigma-Aldrich 70%) and 10 mL of 1,2,34-tetrahy-
dronaphthalene (Tetralin, Sigma-Aldrich) and degassed under
an inert atmosphere of N, for 30 min. Then, 0.5 mmol of tert-
butylamine—borane complex (TBAB, Sigma-Aldrich), 1 mL of
OlAm, and 1 mL of Tetralin were mixed and sonicated until a
clear solution was formed. The solution was injected into the
Au precursor mixture at 21 °C, and stirring was maintained for
1 h. After the reaction, a solution of 2-propanol and ethanol (4/
1 v/v) was added and the particles were precipitated by
centrifugation. The supernatant was discarded and the
precipitate dispersed in hexane. This washing procedure was
repeated one more time before the NCs were dispersed in 10
mL of hexane. The colloidal solution was stable for at least 2
months, as observed by TEM analyses (not reported).

The as-prepared 3 nm Au NCs were used as seeds to
synthesize AuCu NCs (target Au/Cu = 50/50 atomic ratio).
Typically, 7 mg of CuCl, dihydrate (99+%, Alfa Aesar) was
dissolved in a mixture of 3 mL of OlAm and 0.5 mL of oleic
acid (OlAc, Sigma-Aldrich), and this mixture was magnetically
stirred under a N, blanket at 100 °C until the copper salt was
completely dissolved. Then 8 mg of Au NCs was added to the
bluish solution of the Cu precursor and subjected to vacuum at
80 °C for 1 h to remove the hexane. Subsequently, the
temperature of the mixture was increased to 280 °C with a
heating rate of S °C/min under an N, atmosphere. After 1 h at
this temperature, the solution was cooled to room temperature,
diluted with 2 mL of anhydrous toluene, and transferred to a
glovebox (Ar atmosphere). Here the NCs were washed twice
by addition of a 2-propanol/methanol solution (1/3 v/v) and
centrifugation. The final product was collected and dispersed in
2 mL of anhydrous hexane. The alumina-supported AuCu
catalyst was prepared by colloidal deposition, which is known
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to preserve the particle size distribution of the parent colloidal
NCs after deposition.” Typically, the AuCu colloidal solution
(target AuCu NCs load 1 wt %) was added to y-ALO; powder
(extrudate from Sigma-Aldrich, crushed and sieved to 90 um
mean particles size, BET specific surface area 190 m’/g),
dispersed in hexane, and magnetically stirred for 2 h.
Subsequently, the suspension was dried under an N,
atmosphere and the resulting powder was calcined at 200 °C
for 13 h.

5.2. Catalytic Experiments. The catalytic activity of the
catalysts for CO oxidation was measured using a micro reactor
system coupled with a micro-gas chromatograph (u-GC)
equipped with three thermal conductivity detectors (TCD) to
analyze CO, O,, and CO, (SRA Instruments Model R-3000).
Typically, the catalyst powder was diluted with alumina (2/1
weight ratio) and loaded into a quartz reactor. The feed gas was
a mixture of 1% v/v CO and 6% v/v O, balanced with He with
a flow rate of 80 Ncc/min corresponding to a gas hourly space
velocity of 3000000 Ncc/(h (g of Au + Cu)). After loading, the
catalyst was initially activated at 350 °C for 10 h in 6% v/v O,
in He to remove organic ligands present on the NC surface.
Independent thermogravimetric analysis (TGA; see Figure S11
in the Supporting Information) showed that weight loss due to
organic ligand removal was completed at 350 °C. For the
activity measurements, the reactor was heated from room
temperature to 300 °C with a heating rate of 2 °C/min, kept at
300 °C for 30 min, and then cooled to 100 °C with the same
rate and kept at 100 °C for 30 min. Transient activity data were
collected every 4 min during the mentioned cycle of the
catalytic test. In addition to the first activation treatment to
remove organic ligands, before each test the catalyst was
exposed to either a reducing (5% v/v H, in He) or an oxidizing
(6% v/v O, in He) atmosphere at a temperature of 350 °C for
1 h. The heating rate used in activation, reducing, and oxidizing
pretreatments was set to 5 °C/min. Long-term steady-state
catalytic activity data were also collected after reducing and
after oxidizing pretreatments: in both cases, the pretreated
catalyst was exposed to the reactants at a constant temperature
of 100 °C for 24 h using the same feed gas composition and
space velocity of the transient tests. Three measurements were
performed on the outlet stream every 1 h to monitor the
evolution of the catalytic activity with time on stream.

5.3. Characterization. 5.3.1. TEM. Overview BF-TEM and
SAED patterns were acquired on various samples using a JEOL
JEM-1011 microscope with a thermionic W source operated at
100 kV. The SAED patterns were acquired at constant camera
length after mechanically adjusting the height of the sample to
the eucentric height and after carefully focusing the NC images.
In the same session, the diffraction camera length and the
system distortions were calibrated using a nanocrystalline Au
sputtered film on a standard C-covered Cu grid. The
elaboration of SAED patterns (beam-stop removal, centering,
azimuthal integration, and back%round subtraction) was carried
out using the PASAD software.”!

HRTEM and HAADF-STEM analyses were performed using
a JEOL JEM-2200FS microscope equipped with a Schottky
emitter operated at 200 kV, a CEOS spherical aberration
corrector of the objective lens, and an in-column Omega filter.
Compositional analysis of the AuCu alloy NCs deposited on
alumina was carried out by EDX performed in STEM mode
with a Bruker Quantax 400 system with a 60 mm? silicon-drift
detector (SDD). Quantification of the Au/Cu atomic ratio
from the collected EDX spectra by the Cliff—Lorimer ratio
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method systematically led to overestimation of the Au content
due to a spurious Au fluorescence signal originating within the
detecting system. In any case the Cliff—=Lorimer ratio method
was applied to obtain semiquantitative intensity scaling in the
two-dimensional elemental maps. For TEM analyses, ~10 mg
of the catalyst powder samples was suspended in 1 mL of
anhydrous chloroform and mildly sonicated. About 100 L of
the supernatant was then deposited onto a carbon-coated metal
grid. For EDX analyses, non-Cu grids (W for the oxidized
catalyst, Mo for the remaining samples) and an analytical
holder with a Be cup were used. For the as-synthesized NCs,
about 100 yL of diluted AuCu colloidal solution was deposited
onto the carbon support film.

5.3.2. HRSEM-EDX. Analyses were carried out using a JEOL
JSM-7500FA instrument, equipped with an Oxford X-max LN,-
free SDD, with 80 mm? of sensor active area and 129 €V of
energy resolution at 5.9 keV (Mn Ka). Samples were prepared
by drop-casting the alloy NC solution on an ultrasmooth silicon
wafer. The extended Pouchou and Pichoir (XPP) matrix
correction algorithm included in the Oxford AZtec software
was used to analyze the data.

5.3.3. Elemental Analysis. The chemical composition of the
colloidal NCs as well as the metal loadings of the catalyst were
measured by ICP-AES using a Varian Vista AX spectrometer.
Samples were dissolved in HCI/HNO; 3/1 (v/v) overnight,
diluted with deionized water (14 uS), and filtered using a PTFE
filter before measurement.

5.3.4. XRD. Measurements were performed using a Rigaku
SmartLab X-ray diffractometer equipped with a 9 kW Cu Ka (1
= 1.542 A) rotating anode, operating at 40 kV and 150 mA. A
Gobel mirror was used to convert the divergent X-ray beam
into a parallel beam and to suppress the Cu Kf radiation (4 =
1.392 A). A zero diffraction silicon substrate was used to collect
XRD spectra on both colloidal NCs solutions and catalyst
powdered samples. The diffraction patterns were collected at
room temperature over an angular range of 10—85°, with a step
size of 0.05°. XRD data analysis was carried out using PDXL 2.1
software from Rigaku.

5.3.5. In Situ DRIFTS. Spectra were collected using a Vertex
70 infrared spectrometer (Briiker Optics) equipped with a
DRIFTS cell (Praying Mantis, Harrick) and a MCT detector,
cooled with liquid nitrogen. The outlet of the DRIFTS cell was
connected to an online mass spectrometer (Omnistar, Pfeiffer).
Using a four-port selector valve, it was possible to switch
between two different gas streams, one used for purging and/or
pretreatments and the other containing the probe species. The
loaded sample was pretreated under oxidizing or reducing
atmospheres prior to the test. The pretreatments followed the
same conditions used in the case of catalytic experiments,
except for the heating rate, which was set to 20 °C/min. After
each pretreatment, the cell was cooled to room temperature.
Once the temperature was stabilized, the background spectrum
was collected while the pretreatment mixture was continuously
flowed. Then, the flowing gas was switched to a mixture
containing either 0.2% v/v CO or 650 ppm of NO with a
balance of He. Spectra were collected every 10 s for the first
100 s of adsorption. The process was monitored for a further 40
min, collecting a spectrum every 10 min. After that, the flow
was switched to a He stream to purge the catalyst and
desorption spectra were collected during 40 min of purging
with inert gas. Each test was repeated at least two times to
verify the reproducibility of the measurement. The spectra of
CO adsorption at room temperature was also collected after
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performing one cycle of reaction in the DRIFTS cell, using the
same feed composition and flow rate as in the case of catalytic
experiments. When NO was used as the probe molecule, a
reducing treatment at high temperature (5% H,, balance He at
350 °C) was always performed after the adsorption test to clean
the surface from nitrite/nitrate species. Then, the desired
pretreatment and the following adsorption test were performed.
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Figure S1. Typical BF-TEM image of the as-prepared Au colloidal NCs with the size distribution

histogram in the inset.
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Figure S2. SEM EDX maps for quantitative analysis of alloy AuCu NCs composition. (a) Sample area
used for the quantitative analysis. (b) EDX spectrum; elemental maps showing the distribution for Au

(c) and Cu (d).
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Calculation of AuCu NC:s size based on starting Au seeds size

We estimated the enlargement of the Au NCs resulting from incorporation of Cu into the Au seeds so
as to obtain the final AuCu NCs with atomic Au:Cu ratio = 50:50, in the ordered tetragonal phase
observed in XRD patterns. First, the volume of an Au NC was calculated considering it as spherical (V
AuNc)- Then, considering the number of Au atoms in the unit cell (which is equal to 4) as well as the
known unit cell volume of Au (67.85 A* in the JCPDS card no. #04-0784), the number of Au atoms per

Au NC was calculated from:

NAu atoms per unit cell

Npy atoms in aunNc = Vau ne

VAu unit cell

The expected volume of the corresponding AuCu NC was calculated considering that the number of
Au atoms per NC was constant even after incorporation of Cu. Considering the unit cell volume of
AuCu (29.136 A’ in the JCPDS card no. #01-071-0784) and the number of Au atoms per unit cell of

AuCu (which is equal to 1), the AuCu NC volume can be evaluated as follows:

NAu atoms in Au NC * VAuCu unit cell

To evaluate the diameter of the AuCu NC we assumed that also AuCu NCs were spherical. Hence,
starting from 3 nm Au seeds, an enlargement of the particle’s diameter of about ~20 % (referred to the
starting diameter) should be achieved by incorporation of Cu into the Au seeds. Larger sizes observed

on the TEM grids are related to coalescence/sintering of NCs at high temperatures.
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Optical absorption characterization: Optical absorption measurements on colloidal solutions were

carried out using a Varian Cary 5000 UV-vis-NIR spectrophotometer. NCs were dispersed in hexane

before the measurements.

Absorbance

AuCu 6 nm
Au 3 nm
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Figure S3. Absorption spectra for Au (thin black line) and AuCu (thick violet line) NCs colloids in

hexane.

Comparison of activities between 3 nm Au/Al;O3 and 6 nm AuCu/Al,O3
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Figure S4. Catalytic activity data for the 1 wt.% AuCu /Al,O3 and the 1wt.% Au/Al,Oj; catalysts in CO

oxidation after an oxidative pre-treatment. CO = 1% v/v; O, = 10% v/v; GHSV=3"000"000

Ncce/h/g(AuCu).
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Figure S5. Catalytic activity data for the 1 wt.% AuCu /Al,0O3 catalyst in CO oxidation after a
reducing pre-treatment followed by heating under reaction atmosphere without performing any pre-

treatment. CO = 1% v/v; O, = 6 % v/v; GHSV= 3000000 Ncc/h/g(AuCu).
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Figure S6. Overview HAADF-STEM images of the catalyst (a) after oxidation, (b) after reduction,

(c) after one cycle of reaction and (d-f) corresponding size distribution histograms.
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Figure S7. (a) XRD pattern of reduced AuCu /Al,O3 catalyst and (b) of gamma-alumina compared
with the data base XRD patterns of Au (JCPDS # 00-004-0784), AuCu (JCPDS # 01-071-5024) and

gamma-alumina (JCPDS # 00-010-0425).
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Temperature Programmed Reduction (TPR)

TPR measurement was carried out over a catalyst batch already oxidized at 350 °C for 1 h in 6% v/v
O,. The catalyst sample was heated to 350 °C in 5% v/v H, atmosphere (balance Ar) with a heating rate
of 20 °C/min. The test was carried out in a Quantachrome instrument, model Autosorb iQ, equipped
with a TCD detector. As shown in Figure S8, two peaks were detected at the temperatures of 155 °C

and 205 °C which can be respectively assigned to reduction of Cu*" and Cu".

1mV

TCD Signal

0 50 100 150 200 250 300 350 400

Temperature (°C)
Figure S8. TPR profile of the 1 wt. % AuCu/Al,O3 catalyst. Pre-treatment: 1h at 350°C in 6% v/v O,

TPR conditions: 5% v/v H, in Ar, heating rate = 20 °C/min.
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CO & NO DRIFTS on 6nm Au/Al,O3 catalyst

In order to check CO and NO adsorption on Au, a catalyst sample was prepared through deposition of
6 nm colloidal Au on alumina. The 6nm Au NCs were prepared in the same manner as the 3 nm Au
NCs used as seeds for the synthesis of the AuCu NCs. Compared to what described in the Experimental
section for the synthesis of 3nm Au NCs, the temperature of the reaction mixture was lowered to 0°C
by means of ice + water mixture. The rest of the synthesis conditions were kept the same. The 6 nm
Au/alumina catalyst underwent the same treatment as reported in the paper and exposed to the same

CO or NO mixtures for 35 and 42 minutes, respectively.

Figure S9 shows the carbonyl band evolution during 35 min of exposure after oxidizing and reducing
pre-treatments. A carbonyl band is formed on Au catalyst at wavenumber of 2141 cm™after oxidation
while, after reducing pre-treatment, the band is observed at lower wavenumber of 2116 cm™, in line
with reported data on carbonyl bands on Au®" and Au’.! Figure S10 shows DRIFTS spectra in the
nitrosyl region: NO was not adsorbed on Au NCs neither after reducing nor after oxidizing pre-
treatments. After a long time exposure, a broad band that can be assigned to NO" can be observed. As
in the case of AuCu/Al,Os, the formation of this species is consistent with the presence of NO,
contamination in the CO stream, arising from the disproportionation reaction of NO: 3 NO < N,O +

NO,. 2
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Figure S9. DRIFTS spectra in the carbonyl region obtained during the adsorption of CO at room

temperature on the 1 wt.% Au/Al,O; catalyst. Spectra were taken after 0 s, 10s and 35 min of exposure

to the probe gas on the same sample that was either oxidized (a) or reduced (b) prior to the adsorption

test. Probe gas composition: 0.2% v/v CO, balance He.
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Figure S10. DRIFTS spectra in the nitrosyl region obtained during the adsorption of NO at room
temperature on the 1 wt.% Au/Al,O; catalyst . Spectra were taken after 10 s, 100s and 42 min of

exposure to the probe gas on the same sample that was either oxidized (a) or reduced (b) prior to the

adsorption test. Probe gas composition: 650 ppm NO, balance He.
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Thermogravimetric Analysis (TGA) of the AuCu NCs

In order to define the conditions for the successful removal of organic ligands from NCs surface, a
TGA analysis was carried out on the parent colloidal AuCu NCs solution. The analysis was performed
with a Q500 instrument from TA Instruments. After solvent evaporation, the sample (~1 mg of AuCu
NCs) was equilibrated at 30 °C for 30 minutes, then heated to 600 °C with a 10 °C/min heating rate
under 50 ml/min of air flow. The weight loss of the sample was monitored in the whole process and its
profile is shown in Figure S11. It can be seen that weight loss due to the removal of organic ligands is

basically completed at the temperature of 300-350 °C.
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Figure S11. TGA profile of the parent AuCu NCs under air.
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ABSTRACT: We report the colloidal synthesis of dumbbell-like Auy;Cu,;@Fe;0, nanocrystals (AuCu@FeOx NCs) and the
study of their properties in the CO oxidation reaction. To this aim, the as-prepared NCs were deposited on y-alumina and
pretreated in an oxidizing environment to remove the organic ligands. A comparison of these NCs with bulk Fe;O,-supported
AuCu NCs showed that the nanosized support was far more effective in preventing the sintering of the metal domains, leading
thus to a superior catalytic activity. Nanosizing of the support could be thus an effective, general strategy to improve the thermal
stability of metallic NCs. On the other hand, the support size did not affect the chemical transformations experienced by the
AuCu NCs during the activation step. Independently from the support size, we observed indeed the segregation of Cu from the
alloy phase under oxidative conditions as well as the possible incorporation of the Cu atoms in the iron oxide domain.

KEYWORDS: nanocrystals, dumbbells, bimetallics, CO oxidation, AuCu

1. INTRODUCTION

It is established among the catalysis community that the
interaction between the metal and the support has a strong
contribution to the catalytic properties of heterogeneous metal
supported catalysts.' ® Such catalysts have been typically
composed of micrometer-sized grains of support with high
surface area (such as metal oxides, active carbon, and zeolites),
decorated with clusters or with nanosized metal (and/or metal
oxide) domains as the active sites.” "> Different approaches
have been followed to enhance the catalytic activity of these
materials. Among them are decreasing the size of the metal
particles as the most conventional way to increase the metal
dispersion and its interface with the support,’ tailoring the
interface'” or the morphology of the support,”'* manipulating
the architectural structure,”'>™'? or use of nanosized
supports.”” The latter has been introduced as a modern way
to design more active catalysts and gain fundamental
understanding on the interaction between the metal and the
support. One important step in this field was made by the

-4 ACS Publications  © 2016 American Chemical Society

pioneering work of Sun’s group, with the successful synthesis of
colloidal Au/Fe;O, dumbbell-like nanoparticles and their
application in CO oxidation.”’ The dumbbell structure is
characterized by an epitaxial connection of a nanosized metallic
domain to a nanosized metal oxide domain, with the former
being partially nested in the latter.”>*® This structure can
enhance the charge transfer across the interface between the
two nanoparticles and therefore promote the catalytic
activity.”"**~*’ Furthermore, this morphology is reported to
ensure structural stability and sintering resistance of the metal
phase.” A severe sintering can indeed affect the dispersion of
the metal active sites and is known to cause deactivation and
decrease of the catalytic activity in metal supported catalysts.
Other hybrid nanostructures have also been developed, such as
flower-like Au/Fe;0,” and Pd/Fe;0,°”*" or silica-encapsu-
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lated Au/Fe;O, dumbbell-like NCs,** in an attempt to
manipulate, adjust, and/or promote the interaction between
the metal and the metal oxide at the nanoscale. The work on
the dumbbell-like NCs has been extended by synthesizing
materials with a bimetallic domain to exploit the possible
synergy arising between two metals, as already established for
the traditional catalysts.”® For instance, George et al.”® reported
a study on Augg,Pdy,—Fe,O, dumbbell NCs in CO oxidation,
and Sun et al.”* demonstrated an enhanced catalytic electro-
chemical detection of H,O, using PtPd, ,—Fe;O,. Never-
theless, the syntheses of dumbbell-like materials, whether tested
for catalysis or for other applications, have been limited mainly
to the noble metals for what concerns the metallic domain, e.g.,
Ag> Au,1 77235 P 2336 pg 3031 ppd 3 and AuPd, except
for a few cases where transition metals or noble metal-transition
metal alloys have been reported.”” ~** The use of noble metal-
transition metal alloys in dumbbell-like NCs is thus still widely
unexplored.

In this work, we report the synthesis and characterization of
dumbbell-like Auy;Cuy;@Fe;0, nanocrystals (AuCu@FeOx
NCs), exploiting a gold-transition metal alloy as seed to grow
an iron oxide domain on top of it. We selected the AuCu alloy
since this system is known to be effective in the low
temperature CO oxidation reaction and other oxidation
reactions.””** We deposited the NCs on alumina, thoroughly
studied their transformations upon an oxidative activation
treatment, which was essential to remove the protecting
ligands, and further evaluated the synthesized material in the
CO oxidation reaction. The oxidation treatment caused the
dealloying between Au and Cu, with Cu atoms likely being
incorporated in the iron oxide domain. The AuCu@FeOx
sample showed CO oxidation reaction rates similar to those
measured over a Au@FeOx dumbbell-like catalyst having a
similar Au domain size, highlighting the dominant role of the
Au—iron oxide interface for this reaction. The nanosized
support resulted in a strong thermal stability of the metallic
domains and the sintering of the Au domains was effectively
prevented. This in turn yielded a higher activity of the AuCu@
FeOx dumbbells when compared against a bulk Fe;O,
supported AuCu NCs catalyst, where extensive sintering
occurred. Nanosizing of the support could thus represent a
general yet effective strategy to improve the thermal stability of
few nanometer sized metallic domains.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Nanocrystals (NCs). Chemicals. Oleylamine
(OlAm, 70%), HAuCl,-3H,0, 1-octadecene (Technical grade 90%),
oleic acid (OlAc, Technical grade 90%), iron pentacarbonyl (>99.99%
trace metals basis), solvents (ethanol, isopropanol, chloroform, and n-
hexane), and magnetite powder (specific surface area (SSA) = 2.7 m*/
g) were purchased form Sigma-Aldrich. CuCl, dihydrate (99+%) was
purchased from Alfa Aesar while the y-AlL,O; extrudate (SSA = 220
m?/g; average pore diameter = 6.5 nm) was purchased from Strem
Chemicals. All chemicals were used as received.

Synthesis of AuCu—Iron Oxide (AuCu@FeOx) and Au—Iron Oxide
(Au@FeOx) Dumbbell-Shaped NCs. AuCu@FeOx NCs were
synthesized by a seed-mediated growth approach. Premade AuCu
NCs, synthesized as thoroughly discussed elsewhere,** were used as
seeds, and iron pentacarbonyl was used as the iron source. Typically, 8
mg of the AuCu NCs seeds was mixed with 20 mL of ODE, 3 mL of
OlAm, and 1 mL of OlAc and degassed under vacuum at 80 °C for 1 h
to remove hexane. Then, a solution of 80 uL of Fe precursor in 1 mL
of already degassed ODE was injected in the solution at 150 °C while
the temperature was being raised to 205 °C. The mixture was stirred
for 1.5 h, and then it was heated up to 300 °C and kept there for 1 h.

The products were washed twice with a mixture of isopropanol and
ethanol (3:1 volume ratio), centrifuged, and dispersed in 10 mL of
chloroform. Au@FeOx NCs (Au domains of 6.6 + 1.0 nm) were
syzl_thesized according to the procedure reported by Najafishirtari et
al.®

Catalysts Preparation. The alumina-supported AuCu@FeOx and
Au@FeOx catalysts (AuCu@FeOx/Alumina and Au@FeOx/Alumina)
were prepared by colloidal deposition. Typically, a specific weight of y-
AlL,O; powder (manually crushed and sieved to 90 ym) was dispersed
in chloroform. Then a proper amount of colloidal solution (targeting
1.0 wt % Au + Cu for AuCu@FeOx/Alumina and 1.0 wt % of Au for
Au@FeOx/Alumina) was added to it, and the suspension was
sonicated for 2 h. The magnetite-supported AuCu catalyst (AuCu/
Magnetite, 1.0 wt % Au + Cu) was prepared by adding the colloidal
solution of AuCu to the magnetite powder (manually pressed, crushed,
and sieved to 90 ym) dispersed in hexane, followed by sonication for 2
h. All suspensions were dried under a dry air atmosphere and then
calcined in static air at 350 °C for 10 h to remove the ligands from the
surface of deposited NCs.** The catalysts were then washed three
times with deionized water in order to remove eventual residual
chlorine species (see Figures S1 and S2 and related discussion in the
Supporting Information) and finally dried again for 3 h at 150 °C.

2.2. Catalytic Experiments. The activity of the catalysts for CO
oxidation was measured using a microreactor system coupled with a
micro-gas chromatograph (u-GC) equipped with three modules
working in parallel (each consisting of an injector, a column, and a
thermal conductivity detector) to analyze CO, O,, and CO, (SRA
Instruments model R-3000). Typically, the AuCu@FeOx/Alumina (or
Au@FeOx/Alumina) catalyst powder was diluted with alumina (2:1
weight ratio) and loaded into a quartz reactor (id. = 8 mm). The
AuCu/Magnetite catalyst was not diluted further. The feed gas was a
mixture of 1% v/v CO and 6% v/v O, balanced with He with a flow
rate of 80 Ncc/min corresponding to a weight hourly space velocity
(WHSV) of 3000 000 Ncc/h/(g Au+Cu or Au). After being loaded in
the microreactor, the catalysts underwent an activation treatment at
350 °C for 10 h (heat rate S °C/min) in an oxidizing atmosphere of
6% v/v O, balanced with He. For the activity measurements, the
reactor was heated from room temperature to 300 °C with a heating
rate of 2 °C/min and kept at 300 °C for 30 min and then cooled down
to 100 °C with the same rate and kept at 100 °C for 30 min. Transient
activity data were collected every 4 min during the whole experiment.
Before each test cycle, the catalyst bed was exposed to a stream of 6%
v/v O, in He at 350 °C for 1 h. For the kinetics measurements, the
CO conversion was measured under steady state conditions (2 h dwell
time for each selected temperature) while flowing a mixture of 1% v/v
CO and 6% v/v O, and balance He. The WHSV was increased to
24 000 000 Ncc/h/ (g Au+Cu or Au) in order to keep the CO
conversion below 15%. Kinetic measurements were repeated at least
three times using different aliquots of the same catalyst batch in order
to verify the reproducibility of the data.

2.3. Characterization. Transmission Electron Microscopy (TEM).
Overview bright-field (BF) TEM images were recorded using a JEOL
JEM-1011 instrument with a thermionic W source operated at 100 kV.
The high resolution TEM (HRTEM) images were recorded using an
image C-corrected JEOL JEM-2200FS TEM with a Schottky emitter,
operated at 200 kV. EDS analyses were carried out in high-angle
annular dark field-scanning TEM (HAADF-STEM) mode using the
same microscope, equipped with a Quantax 400 STEM system and a
XFlash 5060 silicon-drift detector (SDD, 60 mm? active area). For
EDS analyses, non-Cu grids and an analytical holder with a Be cup
were used. The reported EDS maps were obtained by integrating the
Au La, Cu Ka, Fe Ka, and O Ka peaks in the spectra. Tilt series of
HAADF-STEM images were acquired using a FEI Tecnai G2 F20
instrument with a Schottky emitter operated at 200 kV acceleration
voltage.

Elemental Analysis. The chemical composition of the colloidal
NCs as well as the metal loadings of the catalysts was measured by
inductively coupled plasma-optical emission spectroscopy (ICP-OES)
using an iCAP 6000 Thermo Scientific spectrometer. A specific weight
(in the case of powder catalyst) or volume (in the case of colloidal
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solutions) was digested in HCI/HNO; 3:1 (v/v) overnight, diluted
with deionized water (14 uS), and filtered using PTFE filter before
measurement.

Optical Absorption Spectroscopy. The measurements were
performed using a Varian Cary 5000 UV—vis—NIR spectrophotometer
in single path configuration within the range of 200—800 nm at a
scanning rate of 10 nm/s. The measurement procedure was as follows:
first, the solvent was added in a 1.5 mL cuvette, and the background
signal was collected. Then, a specific volume of the colloidal solution
was added to the cuvette and slowly mixed to get a homogeneous
mixture from which the spectrum was collected.

X-ray Diffraction (XRD). XRD patterns were recorded on a Rigaku
SmartLab X-ray diffractometer equipped with a 9 kW Cu Ka rotating
anode (operating at 40 kV and 150 mA) and D/teX Ultra 1D detector
set in X-ray reduction mode. The diffraction patterns were collected at
room temperature in Bragg—Brentano geometry over an angular
range: 26 = 20°—85°, with a step size of 0.02° and a scan speed of
0.2°/min. XRD data analysis was carried out using PDXL 2.1 software
from Rigaku. Semiquantitative analysis based on the reference intensity
ratio (RIR) was carried out to estimate the amount of cuprospinel,
hematite, and gold in the AuCu/Magnetite sample.

X-ray Absorption Fine Structure Spectroscopy (XAFS). Measure-
ments were performed at the XAFS1 beamline at the Brazilian
Synchrotron Light Laboratory (LNLS) with Si(111) as monochro-
mator. The X-ray absorption near edge structure (XANES) spectra
were collected at Fe K-edge (7112 eV), Cu K-edge (8979 eV), and Au
Ly-edge (11919 eV) in transmission mode with ion chambers
detectors. The samples were packed into pellets after being diluted
with boron nitride. The pellets were mounted in a cylindrical quartz
reactor connected to a gas flow system, and the tube was placed inside
a temperature-controlled furnace. For the in situ activation, the catalyst
was heated to 350 °C (heat rate S °C/min under 80 Ncc/min of 5%
O,/He gas) and kept at this temperature for 2 h; typically no
modification in the spectrum was detected after ~30 min. The spectra
of references Fe;O, (magnetite), y-Fe,O; (maghemite), a-Fe,O;
(hematite), Fe foil, CuO, Cu,O, Cu, and Au foils were collected for
comparison. The collected data were analyzed using Athena code
within Demeter package.*

Magnetic Measurements. Field and temperature dependent
magnetic measurements were carried out using an ever-cooled
Magnetic Property Measurement System (MPMS-XL, Quantum
Design) on immobile particles. The immobile samples were prepared
by mixing 100 uL of particle solution at an iron concentration of
approximately 0.5 gg./L with 60 mg gypsum in a designated
polycarbonate capsule and letting it to solidify thoroughly. The zero-
field-cooled (ZFC) and field-cooled (FC) temperature-dependent
magnetization measurements were performed on the identical samples
in the cooling field of S mT. The magnetization results were corrected
with respect to diamagnetic contributions of Au, Cu, water, and
gypsum using the automatic background subtraction routine. The
curves were normalized to the iron concentration as obtained from the
elemental analysis.

3. RESULTS AND DISCUSSION

3.1. Characterization of the Synthesized NCs. Figure 1
and Figure S3 display the results of electron microscopy
analyses performed on the as-synthesized AuCu@FeOx
dumbbell-like NCs. The synthesis protocol yielded particles
with negligible faceting of the oxide domain, which grew
isotropically starting from the contact point with the AuCu
domain. As a consequence, the particles laid with a preferential
orientation over the TEM grid, so that their 2D projection
appeared as having a core—shell architecture. However,
HAADF-STEM images extracted from the tilted series of
Movie IS1 (Figure la—c) clearly highlighted that the NCs were
actually dumbbell-shaped, ie., with the metallic domain only
partially nested inside the oxide one. They were indeed
composed of two nearly spherical domains, with no extended

Figure 1. (a—c) HAADF-STEM images extracted from the tilted series
of Movie IS1. The dashed line indicates the position of the tilt axis.
The full frame size is 327.68 nm. (d) HAADF-STEM image and
corresponding quantitative EDS maps (intensity proportional to
atomic %) for of Au (yellow), Cu (red), Fe (green), and O (blue),
showing localization of Au and Cu in the metal domain and
distribution of Fe and O in the oxide domain of colloidal dumbbell
NCs.

facets, attached to each other. The HAADF-STEM image and
the corresponding elemental mapping (Figure 1d) obtained
from STEM-EDS revealed that the Au and Cu atoms were
localized in the same region of the NC (i.e., the brightest region
in the HAADF-STEM image), while the darker region was
mainly consisting of Fe and O. The mean size of the Fe-based
domain was statistically measured to be 14.6 + 2.6 nm (Figure
S3c), while for the AuCu domain, the mean size was found to
be 61 = 1.1 nm (Figure S3d), which corroborates the
preservation of the size of the starting AuCu seeds (see Figure
S4). The XRD pattern of the AuCu@FeOx NCs, shown in
Figure S3e, highlighted the presence of two phases that can be
indexed to magnetite and tetra-auricupride, in agreement with
HRTEM analysis (Figure S3b). Therefore, the crystalline
structure of the AuCu NCs seeds (Figure S4) was preserved
during the synthesis of AuCu@FeOx dumbbells.

The elemental composition of the dumbbell NCs was
quantitatively analyzed by ICP-OES, and the results revealed
that the Cu/Au atomic ratio was 0.95, close to the value of 0.96
measured in the starting AuCu seeds. Besides TEM imaging,
further indication of AuCu attachment to oxide domain was
provided by visible light absorption spectroscopy. As shown in
Figure SS, the plasmon peak of the AuCu NCs at 546 nm was
shifted to 590 nm and broadened. The shift suggests a change
of the medium surrounding the AuCu domain resulting in a
variation of the local dielectric environment.*” This could be
attributed to the attachment of the AuCu NCs to the Fe;O,
domain as observed in electron microscopy images. On the
other hand, broadening and decaying of the intensity is
reported to be related to tunneling of the electron at the
interface, suggesting a charge transfer between two domains.*’
Also in this case, the mechanism implies the attachment of the
AuCu domain to the Fe;O, domain.

To characterize the magnetic response of the dumbbells,
magnetization versus field (M—H curve), zero-field-cooled
(ZFC), and field-cooled (FC) temperature-dependent magnet-
ization curves were recorded (see Figure S6). The particles
exhibited a high linear susceptibility (y) and saturation
magnetization (M;) of 80 emu/g, as deduced from the M—H
curve (Figure S6a). The superparamagnetic blocking temper-
ature (T,), estimated from the maximum of the ZFC curve
(Figure S6b), was around 220 K, manifesting the super-
paramagnetic behavior of the particles at room temperature.
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The primary results showed that the particles could additionally
be promising candidates for a variety of biomedical applications
such as magnetic hyperthermia and magnetic resonance
imaging.

3.2, Characterization of the AuCu@FeOx/Alumina
Catalyst. We supported the as-synthesized dumbbells on
alumina and analyzed the sample by HAADF-STEM (Figure 2)

Figure 2. HAADF-STEM image of AuCu@FeOx/Alumina catalyst
after activation; 10 h at 350 °C exposed to O, = 6% v/v balanced with
He; WHSV = 3000000 Ncc/h/g(Au+Cu). The insets show (a) a
higher magnification image and the size distribution histograms of (b)
metal and (c) metal oxide domains.

after the initial activation procedure, necessary to remove the
organic ligands from the catalyst surface prior to CO oxidation
tests. The dumbbell structure was preserved upon activation of
the catalyst and the two distinct domains, as observed in the
case of the as-synthesized NCs, were still present in each dimer.
Noteworthy, the high surface area of the alumina support could
not be exploited to obtain a good NCs dispersion due to the
bigger size of the dumbbells (~14 nm) compared to the
alumina pore diameter (~6.5 nm). Yet, the dumbbell
morphology ensured the physical separation of the metallic
domains and effectively prevented their sintering.

A small decrease of the average size of the metallic domain
was measured by HAADF-STEM (inset of Figure 2b), which
could be ascribed to the dealloying between Au and Cu upon
the oxidative activation treatment, as already reported for
supported AuCu catalysts.****7>° Therefore, the activated
AuCu@FeOx/Alumina catalyst was analyzed by STEM-EDS
in order to study the spatial distribution of elements after the
initial activation process. EDS maps showed that both the Fe
and the Au atoms were still localized respectively in the oxide
and metallic domains of the dumbbells (Figure 3). On the
other hand, the Cu atoms had been delocalized and dispersed.
It was not possible to determine by this technique whether the
Cu atoms were dispersed on the alumina support (as reported
by some of us for a AuCu/AlLO; catalyst)”* or on the FeOx
domain of the dumbbells.

The XRD pattern of the activated AuCu@FeOx/Alumina
catalyst (Figure S7) shows the superposition of the AuCu, y-
Fe,0s3 and y -AlL,O; peaks. Indeed, due to the low metal
loading, the small particle sizes, and the presence of alumina,
the XRD profile is mostly dominated by the broad y-Al,O;
peaks, limiting the analysis. Nevertheless, at least for the iron

Figure 3. HAADF-STEM images and corresponding quantitative EDS
maps for Au, Cu, and Fe after activation (intensity proportional to
atomic %).

oxide crystalline phase, the result indicates the transformation
of magnetite, as found for the AuCu@FeOx NCs (Figure S3e)
to maghemite. It is clear that hematite is not formed after
activation.

To shed more light on the transformations caused by the
oxidative activation, in situ XAFS measurements were
performed on the AuCu@FeOx/Alumina catalyst during such
an activation process. Figure 4 shows the XANES spectra
collected at different stages of the catalyst activation: (i) initial,
at room temperature (blue line), (i) at 250 °C (red line), (iii)
after 1 h at 350 °C (purple line), (iv) after 2 h at 350 °C (green
line), and (v) at the end of activation at room temperature
(black line). Spectra are reported at the Au L;-edge (Figure 4a),
Cu K-edge (Figure 4b), and Fe K-edge (Figure 4c), and the
comparison of the final spectra with the corresponding
standards is shown in the insets. Focusing first on the evolution
of the XANES Au L;-edge profile during activation (Figure 4a),
it is possible to see that at the initial stage of the activation the
fresh catalyst exhibited an increased white line intensity when
compared to metallic Au (around 11925 eV). As the activation
proceeded, a dampening of this feature was observed, which
was attributed to the progressive dealloying of AuCu, thus
forming metallic Au.*® The similarity between the catalyst after
activation and the Au foil standard is clear in the inset of Figure
4a.

In line with the Au L;-edge results, the XANES spectrum at
Cu K-edge (Figure 4b) of the fresh catalyst was consistent to
that reported in the literature for AuCu bulk alloys.”" The
spectrum is indeed characterized by the decrease in the
intensity of the absorption around 8980 eV compared to Cu
foil. Upon activation, the formation of Cu® species occurred at
250 °C, as indicated by the sharp peak at higher energy (8983
eV). These results, in agreement with the Au L;-edge XANES
data, support the dealloying process along with the formation of
Cu' species at low temperatures. The inset in Figure 4b
evidences the similarity between the spectrum at 250 °C during
activation and the Cu,O standard. As the oxidizing treatment
proceeded, the position of the absorption edge shifted to higher
energies and approached the value measured on the CuO
standard (above 8980 eV). Such a shift was consistent with the
increase of copper oxidation state, which suggested the
presence of Cu®** species. The absence of sharp features
below 8990 eV indicated the coordination of Cu*" ions in a
more centrosymmetric configuration compared to the bulk
reference.

This observation was in line with the incorporation of the
Cu® ions into the octahedral sites of the spinel structure of the
iron oxide domains of the AuCu@FeOx dumbbells to form a
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Figure 4. XANES spectra of the AuCu@FeOx/Alumina catalyst
during the activation at (a) Au Ly-, (b) Cu K-, and (c) Fe K-edges. In
the corresponding insets, the spectrum collected at room temperature
at the end of the activation process is compared to the standards (Au
foil; Cu foil, Cu,O, and CuO; a-Fe,O; y-Fe,O; and Fe;O,
respectively).

Cu-poor cuprospinel phase.’>~** It is important to note,
however, that the absence of well-defined pre-edge features was
also observed for highly disg)e_rsed Cu’" species on the surface
of other oxide supports””*>*° and for Cu(OH),”” The
differences observed between the spectrum of the catalyst
after activation and the CuO standard may thus be accounted
for either by the formation of a Cu-poor cuprospinel phase or
by the dispersed nature of the Cu®' species interacting with

either the iron oxide, the Au domains, or the alumina support,
altering their electronic environment.”®

The Fe K-edge XANES spectrum of the AuCu@FeOx/
Alumina catalyst at the initial stage of the activation process was
similar to that of the magnetite (Fe;O,) standard (see also
Figure S8a). At 250 °C, during activation (Figure 4c), there was
a shift in the absorption edge to higher energies, which
indicated an increase in the oxidation state of iron already at
this temperature. The position of the absorption edge remained
then unchanged until the end of the activation. The comparison
with the standards showed that the magnetite was transformed
to maghemite (y-Fe,O;) (inset of Figure 4c and Figure S8b).
The small deviations from the bulk reference patterns were
expected due to the nanometric nature of the iron oxide
domains. Nevertheless, it was clear from XANES data that
magnetite and maghemite were the dominant iron oxide phases
before and after the activation, respectively. Concerning the
formation of maghemite instead of hematite (a-Fe,O;) after
activation, as also indicated by XRD (Figure S7), the transition
from y- to a-phase upon heating has been described in the
literature to be dependent on factors such as particle
morphology and size;” ? nevertheless, there is no clear threshold
of particle size and temperature that would dictate the
formation of one or the other structure in nanoparticles. One
hypothesis is that the y- to a-transition may be induced by the
increase in particle size upon heating, and the formation of a-
Fe,0; would take place once the y-Fe,O; reaches a critical size
(ranging from 10 to 25 nm).””*" Still, the Fe K-edge XANES
results presented herein clearly evidenced that the activation of
AuCu@FeOx/Alumina catalyst did not lead to the formation of
a-Fe,0; as the dominant phase.

3.3. Catalytic Activity Results. The catalytic activity of
AuCu@FeOx NCs (1.12 wt % of Au+Cu from ICP) was
systematically studied in the CO oxidation reaction. The
evolution of catalyst activity during three transient tests is
reported in Figure Sa. The sample showed about 10%
conversion at room temperature and achieved 100% conversion
around 200 °C. The same activity was recorded when repeating
the test consecutively for two additional cycles, proving that the
catalyst was stable after the first activation treatment.

Steady state kinetic measurements allowed the evaluation of
the reaction rates and of the apparent activation energies for the
tested samples. To benchmark the catalytic activity of the
dumbbells sample, we performed kinetic measurements on a
bulk magnetite supported AuCu catalyst (1.05 wt % of Au+Cu
from ICP) and on an Au@FeOx/Alumina sample (1.02 wt % of
Au from ICP) characterized by gold domains of 6.6 + 1.0 nm.
The stability of these catalysts after the first activation
treatment was also experimentally verified (see Figure S9 and
ref 45). From Arrhenius-type plots reported in Figure Sb we
evaluated the apparent activation energy to be about 32 kJ/mol
for the AuCu@FeOx/Alumina and 27 kJ/mol for the Au@
FeOx/Alumina, while we estimated a value of 83 kJ/mol for the
AuCu/Magnetite catalyst. Considering the transformations
observed during the activation step over the AuCu@FeOx
catalyst and the oxidizing nature of the catalytic test’s
atmosphere, it is not surprising that the AuCu@FeOx and
Au@FeOx samples showed similar reaction rates and activation
energy. The turnover frequencies (TOF) for the dumbbell
catalysts were also evaluated at 120 °C based on the method
described in the Supporting Information, taking into account
the estimated exposure of metal domain in the dumbbell
morphology. The values of 0.23 and 0.43 s™" were obtained for
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Figure S. (a) Transient CO oxidation activity profiles for AuCu@
FeOx/Alumina and (b) steady-state CO oxidation rates for AuCu@
FeOx/Alumina (black square), Au@FeOx/Alumina (green dia-
monds), and AuCu/Magnetite (red triangle) catalysts. Experimental
conditions: CO = 1% v/v; O, = 6% v/v; (a) WHSV = 3 000 000 and
(b) 24 000 000 Ncc/h/g(metal).

AuCu@FeOx/Alumina and Au@FeOx/Alumina, respectively,
which is in the same order of magnitude as the TOFs reported
for Au-based catalysts.*>®" This experimental evidence suggests
that also in the case of AuCu@FeOx dumbbells the catalytic
activity is associated with the gold/iron oxide interface,**
with an apparently negligible role of the Cu presence in the
nanosized iron oxide support. Moreover, the comparison
against the bulk magnetite supported AuCu catalyst highlighted
how the nanosizing of the support resulted in an enhanced
catalytic activity and significant decrease of the activation
energy.

3.4. Characterization of AuCu/Magnetite. In order to
understand the nature of the difference between the catalytic
activity of AuCu@FeOx/Alumina and AuCu/Magnetite
samples, we analyzed the latter one by means of different
techniques. The results of the XRD analyses performed on the
AuCu/Magnetite catalyst before and after the activation process
are displayed in Figure 6. The magnetite phase was detected in
the fresh catalyst (Figure 6a) while the diffraction peaks
associated with the AuCu NCs could not be easily seen
compared to the support, due to the low NCs loading (~1 wt
%) and the small crystals’ size (~6 nm). However, the
magnification of the 26 region between 39° and 42° revealed a
broad peak at 26 of ~41°, which was attributed to the presence
of tetragonal tetra-auricupride phase (as for the starting
colloidal NCs, see Figure S4). The broadness of this peak
compared to the ones assigned to magnetite was due to the
large difference in the sizes of the crystalline phases. The XRD
pattern of the activated AuCu/Magnetite catalyst (Figure 6b)
highlighted that the magnetite phase of the support was largely
transformed into hematite upon the oxidative activation
treatment, in line with the previous discussion regarding the
formation of the a phase as a function of the particle size. The
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Figure 6. X-ray diffraction (XRD) patterns of AuCu/Magnetite (a)
before and (b) after in situ activation treatment (10 h at 350 °C
exposed to O, = 6% v/v balanced with He; WHSV = 3 000 000 Ncc/
h/g(Au+Cu)). Experimental data are compared with the database
powder XRD patterns for tetragonal AuCu (ICSD code: 42574), Au
(ICSD code: 44362), magnetite (ICSD code: 65341), and hematite
(ICSD code: 82136).

magnification of the 20 region between 37° and 40° (inset of
Figure 6b) highlighted a shift in the (111) peak position due to
dealloy and segregation of Cu from Au which resulted in the
formation of Au NCs, in analogy with the AuCu@FeOx/
Alumina catalyst. The Au (111) peak also became narrower,
indicating the sintering of the NCs. Since no Cu or Cu oxide
phases could be detected by XRD, the possible incorporation of
Cu in the iron oxide structure was also evaluated. Such an
incorporation would result in the formation of a cuprospinel
phase, which has the same crystalline structure of magnetite
and, as a consequence, a similar diffraction pattern (see
comparison of reference patterns in Figure $10). To verify this
hypothesis, we carried out a semiquantitative analysis based on
the reference intensity ratio (RIR) over the activated AuCu/
Magnetite sample. The amount of cuprospinel phase evaluated
according to this method was about 1 order of magnitude
higher than the theoretical amount that could be actually
formed considering the Cu loading of the sample (see Table
S1). While this calculation indicated the certain presence of
residual magnetite, it did not rule out the presence of the
cuprospinel phase. We thus repeated the XRD analysis after
further annealing the sample for 10 h at 350 °C in air in order
to force the oxidation of the residual magnetite phase and its
transformation to hematite. As shown in Figure S11, a residual
peak was still present in the sample, and the RIR analysis
(Table S1) resulted in a quantification of the cuprospinel phase
consistent with the amount of Cu in the sample. Noteworthy,
the phase assignment was further confirmed by the XRD
analysis performed over an Au/Magnetite sample that under-
went the same annealing treatment. In this case, no residual
magnetite phase could be detected as clearly shown in Figure
S11.

The AuCu/Magnetite was further analyzed by the HAADF-
STEM imaging, before and after activation. The AuCu NCs
were not well dispersed on the grains of the magnetite support
(Figure 7a,c), as a higher number of NCs was found in vicinity
of each other in some areas of the support. The size distribution
of the NCs was statistically measured by analyzing TEM images
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Figure 7. HAADF-STEM images of AuCu/magnetite catalyst (a, c)
before and (b, d) after activation; 10 h at 350 °C exposed to O, = 6%
v/v balanced with He; WHSV = 3 000 000 Ncc/h/g(Au+Cu). NCs
size distribution histograms are displayed as insets.

(inset of Figure 7a) and the obtained value of 6.8 + 1.3 nm
(close to the starting size of 6.5 = 1.7 nm) confirmed that the
colloidal deposition procedure did not cause sintering.
However, it was clear from TEM analyses that the deposition
method and the low surface area of the support prevented a
good dispersion of the NCs on the support, unlike the case of
the dumbbells sample where the morphology of the NCs
guaranteed the physical separation of the metallic particles. The
activated AuCu/magnetite was found to have suffered from
severe sintering, as can be seen from Figure 7b,d. In this case,
the NCs” mean size increased indeed to 13.0 + 4.9 nm with few
NCs as large as ~40 nm. This was a consequence of the poor
NCs dispersion and could indirectly suggest a poor interaction
of the NCs with the support, which can be the main cause of
the lower catalytic activity measured compared to the AuCu@
FeOx/alumina catalyst.

4. CONCLUSIONS

To sum up, we have shown that AuCu NCs can be used as
seeds to prepare Au,;Cuy;@Fe;O, dumbbell-like NCs, with
the bimetallic domain being preserved during the synthesis
step. Dealloying between Au and Cu was observed upon an
oxidative activation treatment, performed in order to remove
the organic ligands and to study the synthesized material in the
CO oxidation reaction. In this regard, the comparison of the
catalytic performances of the synthesized material against an
Au@FeOx dumbbell-like catalyst (having similar Au domain
size) and against a bulk magnetite supported AuCu catalyst
provided us different information. Comparable reaction rates
per unit mass of gold and similar activation energies were
obtained over the AuCu@FeOx and Au@FeOx samples. These
results suggested that the presence of highly dispersed Cu®*
species on the nanosized iron oxide support had an apparently
negligible effect on the catalytic activity of CO oxidation. This
oxidative reaction was thus most likely dominated by the gold/

iron oxide interface. It should be noted, however, that the
dealloying resulted in a decreased average size of the metallic
domain, which is known to be beneficial for the CO oxidation
over Au catalysts. Notably, this phenomenon could provide a
strategy to prepare Au-based dumbbell-like catalysts with
reduced Au size and thus enhanced CO oxidation activity. It
is also worth to mention that catalytic reactions conducted in a
more reducing environment will probably reveal different
performances of the AuCu@FeOx and Au@FeOx dumbbell-
like NCs. In this case, the dealloying process may be partially
reversed, as in the case of AuCu NCs,"**® and differences in
activity due to the alloy formation may be evidenced. We have
shown that the activation treatment did not cause any change in
the morphology of the AuCu@FeOx dumbbell NCs, and yet
more importantly, the catalyst did not suffer from sintering of
the metallic domains, most likely thanks to the dumbbell
morphology. On the other hand, we found that the AuCu NCs
on magnetite support suffered from severe sintering.
Furthermore, upon activation the initial phase of iron oxide,
i.e,, magnetite, was transformed mainly into maghemite in the
nanosized support, while the bulk magnetite support was
transformed to hematite as the dominant phase. In both cases,
the Cu was found to be dealloyed from the AuCu domain upon
activation, and we found indications of Cu incorporation into
the iron oxide domain. These results strongly highlighted the
enhanced structural stability of the metallic domains in the
dumbbells morphology. Therefore, and regardless of the
similarity of the transformations at the nanoscale, it was indeed
the nanosized support which prevented the sintering of the Au
domains and resulted in a higher activity of the nanosized
supported catalyst.
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Movie IS1: Aligned tilt series of HAADF-STEM images on the AuCu@FeOx heterostructures,
collected from -70° to +50°. in steps of 2° at high angles and 5° from -30° to +30°. The full frame size

is 327.68 nm and the rotation axis is vertical and centered in the image.
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Removal of Chlorine species from catalyst surface

The presence of Cl on the dumbbell catalyst even after the calcination step was verified by two
different methods. We firstly washed the catalyst sample with warm water (~ 40 °C), collected the
supernatant solution and mixed it with a AgNOs solution: precipitation of AgCl was clearly observed in
case of AuCu@FeOx/Alumina (see Figure S1) and Au@FeOx/Alumina (not shown), while no
precipitate was formed in case of AuCu/Magnetite sample. We also obtained indirect evidence of the
presence of residual Cl in the non-washed catalysts by collecting the catalytic activity data in CO
oxidation. As shown in Figure S2, the non-washed AuCu@FeOx/Alumina catalyst showed much lower
activity than the washed sample, in line with the well-known poisoning effect of Cl on the CO
oxidation activity of Au based catalysts . The same trend was observed over the Au@FeOx/Alumina
sample (not shown). In case of AuCu/Magnetite catalyst, no significant difference in the catalytic
activity was observed between the washed and non-washed samples. Compared to the AuCu/Magnetite
sample, the only additional source of Cl in case of the dumbbells samples was the solvent in which the
dumbbell NCs were dispersed (i.e. chloroform). Based on these results, it seems plausible that the
calcination step in the static air caused the decomposition/combustion of residual chloroform and
consequently CI poisoning of the AuCu@FeOx/Alumina and Au@FeOx/Alumina samples. Another
possibility is that the Cl had a different affinity for the different supports (i.e. alumina vs. magnetite),
leading thus to a different effect of the washing procedure. Though the detailed understanding of this
phenomenon is not in the scope of the present work, washing of the dumbbell catalyst was nevertheless

essential to attain the highest level of activity in CO oxidation.
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Figure S1. Successful removal of the CI from the calcined dumbbell catalyst. The left vial contains
plain deionized water used for the washing step; the middle vial contains the supernatant recovered
after the first washing step of the AuCu@FeOx/Alumina dumbbell catalyst and addition of 400 pl of
AgNOs (0.5 M). The right vial contains the supernatant recovered after washing of the bare Alumina
support and addition of the same AgNOj solution.
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Figure S3. (a) Typical HAADF-STEM image of the as-prepared AuCu@FeOx colloidal NCs. (b)
HRTEM image of a single NC. (c) Size distribution histograms of FeOx and (d) AuCu domains
obtained by graphical analysis. (¢) X-ray diffraction (XRD) pattern of the as-synthesized AuCu@FeOx
dumbbell NCs. Experimental data are compared with the database powder XRD patterns for tetragonal
AuCu (ICSD code: 42574) and magnetite Fe;O4 (ICSD code: 65341).
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Figure S4. Typical bright-field (BF)-TEM image of the as-prepared AuCu colloidal NCs; top left inset:
size distribution obtained by measuring ~3500 NCs; the XRD pattern of AuCu seeds at the bottom.
Experimental data are compared with the database powder XRD pattern for tetragonal AuCu (ICSD
code: 42574);
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Figure SS5. Absorption spectra for AuCu (thin red line) and AuCu@FeOx (thick black dash-dot line)

NCs dispersed in hexane and chloroform, respectively. The background spectrum of the solvent was

collected before each measurement.
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Figure S7. X-ray diffraction (XRD) patterns of AuCu@FeOx/Alumina catalyst after activation.

Experimental data are compared with the database powder XRD patterns for maghemite (ICSD code:
87119), hematite (ICSD code: 82136), y-Al,O3 (ICSD code: 68770) and AuCu (ICSD code: 42574).
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Figure S8. Comparison of the Fe K-edge XANES spectra of a) the fresh AuCu@FeOx/Alumina
catalyst against bulk magnetite and b) the activated AuCu@FeOx/Alumina catalyst against bulk
maghemite (y-Fe,O3) and hematite (a-Fe,0s)..
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Figure S9. Stability of the AuCu/Magnetite catalysts proved by reproducibility of the catalytic activity
data in CO oxidation in three consecutive cycles of transient test after oxidative pre-treatment;

Experimental conditions: CO = 1% v/v; O, = 6% v/v; WHSV=3"000’000 Ncc/h/g(Au+Cu).
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Figure S10. XRD reference patterns for magnetite (ICSD code 65341) and cuprospinel (ICSD code
153013).
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Table S1. Semi-quantitative analysis based on Reference Intensity Ratio (RIR).

Cuprospinel
0 ematite u moles u moles
S | (ICSD cod Gold (ICSD H ite ICSD | C 1 C 1
ample code
153013) code 44362) code 82136) from RIR | from ICP
Activated
AuCw/M 6.8£0.1wt.% | 1.1£0.0Iwt.% | 92.1£0.01 wt. % 0.0284 0.0041
uCu/Magnetite
AuCu/Magnetite
further annealed
for 10h at 350°C 0.8+03wt.% | 0.9+0.04 wt.% | 98.3+0.01 wt. % 0.0033 0.0041
or at
in air
a /
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Figure S11. X-ray diffraction (XRD) patterns of (a) AuCu/Magnetite and (b) Au/Magnetite after
further calcination in air for 10 h at 350 °C. Experimental data are compared with the database powder

XRD patterns for hematite (ICSD code: 82136), cuprospinel (ICSD code: 153013) and Au (ICSD code:
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44362). The data presented in the insets were obtained using a reduced scan speed of 0.01 °/min. The
reduced scan speed was necessary in order to increase the signal to noise ratio and resolve the weak

pattern of the cuprospinel phase.

Evaluation of Turn over Frequency (TOF):
We report the rate of reaction as:

molCO2produced  COfeed (Ncc/min)- COconversion
S 60 (s/min)-22.414 (cc/mol)

We assumed spherical Au domains and considered that only half of the sphere was exposed to the
reacting atmosphere (i.e. half of the sphere is embedded in the iron oxide domain). The content of gold
was measured by ICP. We consider bulk gold density and the area occupied by surface gold atoms to

be 1.9 E-5 mol/m? [3]. TOF was thus calculated as:

molCO 2produced 1

s molAu

TOF =
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Chapter V

Metal-support interaction In
Au catalysis: the effect of the
morphology of a nano-oxide
domain in CO oxidation
activity



5.1. Introduction

From the pioneering works of Haruta in low temperature CO oxidation [1] and of Hutchings in
hydrochlorination of acetylene [2], extensive studies and developments have been carried out on Au
based catalysts [3,4]. In this regard, CO oxidation has been studied not only as a target reaction but also
as a model one in order to understand the nature of the active sites and further to design more efficient
catalysts [5]. Among many reported catalytic materials, the Au-Iron oxide system has been reported
among the most active ones for CO oxidation [6,7]. Various important parameters have been studied
and reported to contribute in the activity of such catalytic materials; among them are: the size of the
Au, the surface charge of the Au species, the nature of the support and the Au-support interaction [8-
10]. For example, Herzing et al. [11] suggested that there is a direct correlation between higher CO
oxidation activity with decreasing of the Au domain size to 2-5 nm as a critical size. On the other hand,
Carabineiro et al. [S] observed that the catalyst with the smallest size of the Au had not been the most
active one and attributed the highest activity to the presence of Au" in the system. In contrast, Guo et
al. [10] have reported that the charge state of the Au species has more significant contribution to the
activity regardless of their sizes i.e. metallic Au species are more active than the ionic ones. But,
Herzing et al. [11] have also suggested that the activity can be mostly related to the sub-nanometer Au
species beyond the resolution of the electron microscopy measurements. More recently, it has been
proposed by He et al. [12] that the catalytic properties are the result of complex population versus
activity hierarchy relationships, and the observed activity is a weighted average from the contributions
of all Au species having different sizes i.e. atoms, clusters and nanoparticles (NPs). Regarding the
support effect at the same Au size, Mizera et al. [13] attributed the higher CO oxidation activity
observed for maghemite support to the increase of weakly bound oxygen compared to magnetite due to
a different structural properties. As another example, Huang et al. [9] have shown that the catalytic
oxidation of 1,4-butanediol to y-butyrolactone is also greatly affected by the nature of iron oxide
supports. Due to complexity of these catalytic systems, it is challenging yet very important to
effectively study the contribution of each of these factors by careful isolation of their effects [8]. This is
hardly achieved by studying the catalyst prepared by conventional methods as obtaining a uniform set
of active species could be quite difficult and challenging. The application of colloidal chemistry on the
other hand, provides the opportunity to obtain targeted materials with well-defined structural
properties. Such materials can then be used to gain fundamental understandings of the catalytic

functions [14]. Among different types of colloidal nanocrystals (NCs), those with a dumbbell-like
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morphology represent a very important class of materials characterized by a nanosized metal (M) and a
metal oxide (MOx) domain epitaxially attached to each other [15-17]. This morphology provides
materials with superior catalytic activity, thanks to enhanced charge transfer and sintering resistance of
metal domains [15,16,18-20]. Additionally, it is possible using this morphology to isolate and study
the different aspects of metal-support interaction [16]. For example, we had previously shown that the
CO oxidation activity is essentially related to the interface between Au and iron oxide, which is
promoted by decreasing of the Au domain size at similar Au surface charge and same nanosized
support [19]. In another work, we showed the superior thermal stability of the metallic NPs when
attached to a nanosized support resulting in a significant improvement of the activity compared to bulk-

supported NPs [16].

In this work, we studied how the morphology of the nanosized oxide support in a nanodumbbell
structure influences the stability of the metal domain and the catalytic activity in CO oxidation.
Specifically we investigated the effects resulting from making the oxide domains hollow. Through
colloidal synthesis, we prepared a set of dumbbell-like NCs each one consisting of an AuCu NCs
attached to an iron oxide based one. A fraction of the NCs were characterized by a core-shell
morphology in the oxide domain having an Fe-rich core, with their population being tunable by simply
adjusting one of the synthesis parameters. These NCs were deposited on alumina to prepare the
catalysts and exposed to an oxidizing pretreatment, essential to activate the metal domain through the
removal of the protecting ligands, before being tested in CO oxidation. Upon activation, the NCs with
the Fe-rich core were transformed to dumbbell-like NCs having a hollow oxide domain. We thus
prepared different catalyst batches consisting of dumbbell-like NCs having the same size and
crystalline structures for the M and MOx domains, while the population of the NCs with hollow oxide
domain was different among the batches (as schematically shown in Scheme 1). The NCs and catalysts
were extensively characterized in order to establish a structure-activity correlation. Indeed, we
observed a difference in the activity i.e. the catalyst with more hollow oxide NCs was less active. As
the sizes of both domains were similar in all cases, we evaluated the charge transfer between the two
domains by means of surface sensitive spectroscopy techniques such as CO DRIFT. Both
measurements revealed the similar charge transfer between two domains. Structural properties of the
catalysts and NCs were then studied by XRD and XAFS which revealed the same crystalline structure
in both M and MOx domains for the activated catalysts. On the other hand, XAFS measurements

suggested that the MOx domain was more disordered in the catalyst sample having more NCs with
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hollow MOx. The effect of the hollow morphology on the reducibility of the oxide domain is currently

under investigation.

(c)

Scheme 1. The schematic illustration of different batches of activated catalysts having different population of dumbbell-
like NCs with hollow oxide domain. The yellow sphere represents the metal (M) domain while the brown spheres are
representative of metal oxide (MOx) domains. The hollow oxide domains are illustrated with the same color but more

transparent. The gray sheet is the alumina support used as inert carrier for the NCs.

5.2. Experimental

5.2.1. Chemicals

Oleylamine (OlAm, 70%), HAuCl4-:3H,0, 1-Octadecene (Technical grade 90%), Oleic acid (OlAc,
technical grade 90%), Iron pentacarbonyl (>99.99% trace metals basis), solvents (ethanol, isopropanol,
toluene and n-hexane) were purchased form Sigma Aldrich. CuCl, dihydrate (99+%) was purchased
from Alfa Aesar while the y-Al,O; extrudate (SSA = 220 m”/g; average pore diameter = 6.5 nm) was
purchased from Strem Chemicals and silica was obtained from Sigma Aldrich. All chemicals were used

as received without further purifications.

5.2.2. Synthesis of AuCu- Iron Oxide (AuCu@FeOx) NCs

AuCu@FeOx NCs were typically synthesized by a seed mediated growth approach [16], using pre-
made AuCu NCs, synthesized based on the protocols described in [21], and iron pentacarbonyl as the
iron source. Typically, a specific volume of AuCu colloidal solution corresponding to 8 mg of the
AuCu was mixed with 20 ml of ODE, 3 ml of OlAm, 1.0 ml of OlAc. The amount of OlAc was
adjusted to different levels of 0.5 and 0.2 ml to induce less oxidation of the Fe in the oxide domain and
to manipulate the population of dumbbells with Fe-rich core in the oxide domain. The mixture was then
degassed under vacuum at 80 °C for 1 h to remove hexane i.e. the solvent dispersing AuCu NCs. Then,
the atmosphere was switched to N, and the temperature was raised to 205 °C. Meanwhile, a solution of
80 pul Fe precursor in 1 ml of already degassed ODE was injected in the solution at 150 °C. The mixture
was stirred for 1.5 h and then it was heated up to 300 °C and kept there for 1 h. The products were



washed twice with a mixture of isopropanol and ethanol (3:1 vol. ratio), centrifuged and dispersed in 10
ml of toluene. The samples were tagged as D1, D2 and D3 corresponding the NCs synthesized using
1.0, 0.5 and 0.2 ml of OlAc, respectively.

5.2.3. Catalyst Preparation

The alumina supported catalysts were prepared by colloidal deposition of as-prepared dumbbell NCs.
Typically, a specific weight of y-Al,O3 powder (manually crushed and sieved to 90 um) was dispersed
in toluene and then a proper amount of colloidal solution (targeting either 1.0 wt.% or 2.0 wt.%
Au+Cu) was added to it and the suspension was sonicated for 2 h. All suspensions were dried under dry
air atmosphere and tagged as DI-F, D2-F and D3-F corresponding to fresh catalysts right after the
deposition of NCs synthesized using 1.0, 0.5 and 0.2 ml of OlAc, respectively. The catalysts were also
calcined in static air for 10 h at 350 °C to activate the catalyst by removing the protecting ligands from
the surface of the NCs [16]. In this case, the samples were labeled as D1-A, D2-A and D3-A,

representing of the activated catalysts.

5.2.4. Activity Measurements

The activity of the catalysts for CO oxidation was measured using a micro-reactor system coupled
with a micro-Gas Chromatographer (u-GC) equipped with three modules working in parallel (each
consisting of an injector, a column and a thermal conductivity detector) to analyze CO, O, and CO,
(SRA Instruments model R-3000). Two sets of measurement were performed, transient and step-wise
steady state to obtain respectively the light-off curve and the kinetic parameters. Typically for the
transient tests, the catalyst powders (1.0 wt.% Au+Cu) were diluted with alumina (2:1 weight ratio) and
loaded into a quartz reactor (internal diameter = 8 mm). The feed gas was a mixture of 1% v/v CO and
6% v/v O, balanced with He with a flow rate of 80 Ncc/min corresponding to a weight hourly space
velocity (WHSV) of 3°000°000 Ncc/h/(g Au+Cu). After being loaded in the micro-reactor, the catalysts
underwent an initial pre-treatment at 350 °C for 10 h (heat rate 5 °C/min) in an oxidizing atmosphere of
6% v/v O, balanced with He. The reactor was then heated from room temperature to 300 °C with a

heating rate of 2 °C/min while the activity data were being collected every 4 min.

For the kinetic measurements, the catalysts powder (2.0 wt.% Au+Cu) were mixed with silica
powder (manually crushed and sieved to 90 pm, 1:9 weight ratio) and loaded into the reactor. The same

initial pre-treatment was performed before starting the test followed by CO conversion measurement



under steady state conditions (2 h dwell time for each selected temperature). The feed gas was the same
one used for the transient tests, while the WHSV was increased to 12°000°000 Ncc/h/(g Au+Cu) in
order to keep the CO conversion below 15%. Kinetic measurements were repeated two times for the
same loaded batch and three times using different aliquots of the same catalyst batch, in order to verify

the reproducibility and the dispersion of the data.

5.2.5. Characterization

5.25.1. Transmission Electron Microscopy (TEM)

Overview bright-field (BF) TEM images were recorded using a JEOL JEM-1011 instrument with a
thermionic W source operated at 100 kV. The high resolution TEM (HRTEM) images were recorded
using an image Cs-corrected JEOL JEM-2200FS TEM with a Schottky emitter, operated at 200 kV.
EDS analyses were carried out in high-angle annular dark field-scanning TEM (HAADF-STEM) mode
using the same microscope, equipped with a Quantax 400 STEM system and a XFlash 5060 silicon-
drift detector (SDD, 60 mm® active area). For EDS analyses, non-Cu grids and an analytical holder with
a Be cup were used. The reported EDS maps were obtained by integrating the Au La, Cu Ka, Fe Ka
and O Ka peaks in the spectra. HAADF-STEM images of the calcined catalysts were acquired using a
FEI Tecnai G2 F20 instrument with a Schottky emitter operated at 200 kV acceleration voltage.

5.25.2. Elemental Analysis

The chemical composition of the colloidal NCs as well as the metal loadings of the catalysts were
measured by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) using an iCAP
6000 Thermo Scientific spectrometer. A specific weight (in case of powder catalyst) or volume (in case
of colloidal solutions) was digested in HCI/HNOj 3:1 (v/v) overnight, diluted with deionized water (14
uS) and filtered using PTFE filter before measurement.

5.253. X-Ray Diffraction (XRD)

XRD patterns of the NCs were recorded on a Rigaku SmartLab X-Ray diffractometer equipped with
a 9 kW Cu Ko rotating anode (operating at 40 kV and 150 mA) and D\teX Ultra 1D detector set in X-
ray reduction mode. The diffraction patterns were collected at room temperature in Bragg-Brentano
geometry over an angular range: 20 = 20°-85°, with a step size of 0.02° and a scan speed of 0.2 °/min.
XRD data analysis was carried out using PDXL 2.1 software from Rigaku. Two different sets of

sample were measured, namely as-prepared NCs and calcined ones. Initially, fresh NCs were deposited
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on the wafer and XRD patterns were collected. Later, the wafer was removed and placed in a furnace
where it was exposed to a heat treatment under air atmosphere for 10 h at 350 °C (heating rate of 5

°C/min). The XRD patterns were then collected in this way from the calcined NCs.

5.254. X-Ray Absorption Fine Structure Spectroscopy (XAFS)

Measurements were performed at the XAFS beamline at the Elettera synchrotron light source [22] in
Trieste, Italy. The catalysts samples, total 6 samples including fresh and activated of D1-D3, were
diluted with polyvinylpyrrolidone (PVP) powder and packed into pellets. Then these pellets were
mounted column-wise in a special motorized sample holder which allowed for selecting a desired
sample without opening the sample chamber. The X-ray absorption near edge structure (XANES) and
the extended X-ray absorption fine structure (EXAFS) spectra were collected at Fe K-edge (7112 eV),
Cu K-edge (8979 eV) and Au L;-edge (11919 eV) in transmission mode with ion chambers detectors.
The spectra of references Fe;Os (magnetite), y-Fe,O; (maghemite), a-Fe,Os (hematite), CuFe,O4
(cuprospinel), Fe foil, Cu and Au foils were collected for comparison and signal calibration. The
collected data was normalized using Athena code within Demeter package (version 0.9.25) [23]. The
EXAFS part of the spectra were obtained by converting the normalized data in energy space into k

space and weighted by k?, then Fourier transformed in the selected k range using a Hanning window.

5.2.5.5. In-situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

Spectra were collected on the activated catalysts unloaded after the reaction test using a Vertex 70
infrared spectrometer (Briiker Optics) equipped with a DRIFTS cell (Praying Mantis, Harrick) and a
Mercury Cadmium Telluride detector (MCT) cooled with liquid nitrogen. The outlet of the DRIFTS
cell was connected to an on-line mass spectrometer (Pfeiffer Vacuum Omnistar GSD 320). Using a 4
ports selector valve, the inlet gas was switched between two different gas streams, one used for purging
and/or pretreatments (6% v/v O, and balance He) and the other containing the probe gas (0.25% v/v
CO and balance He) both with the flowrate of 80 Ncc/min. The loaded sample was pretreated prior to
the measurements at 350 °C for 1 h (the heating rate of 20 °C/min) after which the cell was cooled
down to room temperature at the same rate. Once the temperature and the signal became stable, the
background spectrum was collected under the same atmosphere. Then, the sample was exposed to the
probe gas and the spectra were collected every 10 s for the first 100 s of adsorption. The adsorption was

monitored for further 35 min, by collecting a spectrum every 5 min. The samples were subsequently



purged after the measurement for 40 min while the spectra were monitored every 5 min. Each test was

performed two times to verify the reproducibility of the measurement.

5.3.Results and Discussion

5.3.1. Characterization of the NCs

We had already reported the successful synthesis of dumbbell-like AuCu@FeOx NCs and fully
characterized them with several techniques [16]. We had shown that these NCs will transform upon
activation to a new nanocomposite having Au in the metal domain and a Cu-poor cuprospinel phase in
the oxide domain, while the dumbbell morphology could be preserved. In this work, we manipulated
the synthesis conditions using the same AuCu seeds in order to obtain nanostructures with different
properties in the oxide domain. Keeping all the synthesis conditions the same, we reduced the amount
of the OlAc to two lower different levels which resulted in the formation of a number of NCs having a
seemingly core-shell structure in the oxide domain. The population of such NCs was indeed tunable
with decreasing the amount of OlAc. Figure 1 displays the TEM images of as-synthesized NCs using
different levels of OlAc along with the size distributions of both M and MOx domains of dumbbell-like
NCs in insets. The mean size of M domain in the samples were obtained by statistical analysis on the
TEM images and found to be the same: 5.7+1.4 nm for D1 i.e. the sample with highest amount of
OlAc, 5.5+0.8 nm for D2 i.e. the sample with intermediate level of OlAc and 5.7+1.2 nm for D3 i.e. the
sample with lowest amount of OlAc. The size of M domain was also close the values obtained from the
AuCu seeds (5.8+1.3 nm) proving the preservation of the size (see Figure S1) as already reported
elsewhere [16]. The mean size of the MOx domain of the samples was found also to be very similar
among each other: 15.2+£2.4 nm for D1, 16.44+5.4 nm for D2 and 15.54+3.6 nm for D3. To characterize
the observed core of the NCs, one typical NC was analyzed by HAADF-STEM. As shown in Figure
S2, the corresponding elemental mapping of a NC highlighted that the core was rich in Fe. This can
suggest a lower oxidation extent of the Fe precursor from D1 to D3 as a result of using less OlAc, as

reported in literature for the synthesis of Fe NPs [24].

Further and substantial proof for the different oxidation extent among the samples was found by
XRD analysis on the as-prepared NCs. As shown in Figure S3, XRD patterns of all three samples were
representative of two major phases i.e. tetra-auricupride (a tetragonal AuCu phase) and magnetite (an
inverse spinel iron oxide phase). Nevertheless, the intensity of the 100% peak of magnetite compared

to that of AuCu was decreasing from D1 to D3, as evident after normalization of the intensities based
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on the 100% peak of AuCu. Noteworthy, the samples contained the same (Au+Cu)/Fe ratio, as proven
by ICP analysis (see Table 1). At the same time, no traces of additional iron containing phases could be
found in the XRD patterns, suggesting the amorphous nature of the Fe rich cores. Further evidence of
the different oxidizing character of the synthesis environment is provided by the careful analysis of the
diffraction peak assigned to the AuCu alloy. It should be mentioned indeed that the position of the
AuCu main peak was slightly shifted to lower 20 (less than 1°) with the increase of the OlAc content,
which is indicative of a partial, minor dealloying between Au and Cu [25]. Nevertheless, the elemental
composition of the samples were analyzed by ICP-OES and revealed that the Au:Cu ratio was the same

as the initial seeds, as summarized along with the other measured properties of the NCs in Table 1.
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Figure 1. Typical bright-field (BF)-TEM image of the as-prepared AuCu@FeOx colloidal NCs with the size distribution
of metal domain (M) and metal oxide domain (MOx); the scale bars = 100 nm. Zoom-in sections of the images are shown as

insets where some of the NCs having Fe-rich core in MOx domains are marked with red arrows.

Table 1. Summary of NCs properties from elemental analyses.

Sample Tag D1 D2 D3
M mean size 5.7£1.4 nm 5.5£0.8 nm 5.7£1.2 nm
MOx Mean size 15.2+2.4 nm 16.4£5.4 nm 15.5£3.6 nm
Au:Cu (molar) 54.3:45.7 53.5:46.5 54.3:45.7
(Aut+Cu)/Fe (molar) 0.14 0.14 0.13
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5.3.2. Initial characterization of the catalysts

The as-prepared NCs were further deposited on the alumina according to the procedure discussed in
the Experimental section and calcined to remove the protecting ligands and activate the M domains.
The elemental loadings of the fresh catalysts i.e. before activation were measured by ICP-OES which
proved the same loadings for the three catalytic samples as reported in Table 2. Needless to say, the
loading of Au+Cu in all cases were almost 2.0 wt.%, very close to the targeted value. A different set of
samples were also prepared targeting 1.0 wt.% loading of Au+Cu for transient catalytic tests for which

the same accuracy was obtained.

Table 2. Results of ICP-OES on the elemental loadings of the nominal 2 wt.% (Au+Cu) fresh catalysts in terms of wt.%.

Sample Tag Au loading (%) Culoading (%) Fe loading (%)

D1-F 1.44 0.55 6.19
D2-F 1.46 0.54 6.44
D3-F 1.45 0.55 6.7

The activated catalysts were examined by electron microscopy and the results are shown in Figure 2.
Apart from a good dispersion of the metal domains (distinguishable by the spheres with brighter
contrast), an interesting feature was also observed particularly for the D2 and D3 samples: the
formation of dumbbell NCs having a hollow oxide domain. Nevertheless, the dumbbell morphology
was preserved whether having full or hollow oxide domain. In addition, several properly tilted NCs
were found in all three samples proving the existence of dumbbell rather than core-shell NCs. The
population of NCs with hollow oxide domain, though not statistically measured, seemed to increase
form D1 to D3 in line with the increase of NCs having a Fe-rich core in the fresh samples. This
suggested that the hollow oxide NCs were formed by the oxidation of Fe in those NCs having Fe-rich
cores via a mechanism known as Kirkendall effect, as thoroughly explained for a number of NPs [26-
29]. While the mean sizes of M and MOx domains were found to be the same among the samples (see
insets in Figure 2), a small decrease was found in the M domain compared to the fresh NCs. We had
reported for a sample similar to the D1 herein reported that dealloying of Cu occurred upon activation
[16], which seemed to took place as well here for the D2 and D3 samples. The decrease of the size is in
line with the estimated values from structural transformation of AuCu domain of the fresh NCs to Au

domain of the activated NCs (see SI for details of calculation).
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Figure 2. Typical HAADF-STEM images of the activated catalysts with the size distribution of metal (M) and metal

oxide domain (MOx) as insets. The red arrows show of the NCs with hollow oxide domain; the scale bars = 100 nm.

5.3.3. Catalytic activity results

The catalytic properties of the catalysts were systematically studied in CO oxidation reaction. The
light-off curves were obtained using the activated catalysts having 1.0 wt.% loading of Au+Cu. As
shown in Figure 3-a, all samples had the same activity at low temperature range and achieving 100%
conversion at temperature above 200 °C. But interestingly, the samples showed difference in the mid

temperature range in the order of D1>D2>D3. For example, at the temperature of 150 °C, the D1
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showed 58.1% of conversion while D2 and D3 gave 44.5% and 38.8%, respectively. To quantify the
observed difference, kinetic measurements were performed using other batches of catalysts with 2.0
wt.% Au+Cu loadings. The same trend was observed in the kinetic tests. Indeed, D1 sample, i.e. the
sample with the least population of dumbbell NCs having hollow oxide domains, exhibited the highest
CO oxidation rate (see Figure 3-b). Noteworthy to mention, the activation energy (E,) was estimated
using the Arrhenius equation and found to be similar among the samples, in the order of 40 kJ/mol. In
addition, turn over frequencies (TOF) were also evaluated at 140 °C according to the method described
in SI taking into account the estimated exposure of M domain in the dumbbell morphology. The values
were found to be 0.21, 0.13 and 0.05 s for D1, D2 and D3 catalysts, respectively, comparable with the
reported values for Au-based catalysts [16,19,30] yet still highlighting the difference between the

catalytic properties of the samples.
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Figure 3. (a) Light-off curves and (b) kinetic data of the catalyst. Experimental conditions: CO = 1% v/v; O, = 6% v/v;
WHSV= 3000000 for (a) and 12°000°000 Ncc/h/g(Au+Cu) for (b).

As detailed in the following, further characterization techniques were employed shed light on the

observed differences.

5.3.4. Charge transfer between M and MOXx

One interesting feature of the dumbbell NCs is the fact that there can be an enhanced charge transfer
between the two nanosized domains that are attached together [15,17,20], which can promote the
catalytic properties compared to those of bulk supported metal catalysts. This phenomenon is indeed

able to alter the strength of the adsorbed species on the active sites since it has a direct correlation with
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the surface charge of the active sites. In this regard, CO adsorption monitored by DRIFT spectroscopy
has been shown to be a powerful technique to differentiate between the existing active sites, being able
to identify a slight change of the surface charge, especially for Au-based catalysts [10,21,31].
Therefore, the catalysts after kinetic measurements were unloaded from the reactor and examined by
CO DRIFT after an oxidizing pretreatment and the results are shown in Figure 4. All three catalysts
showed an evolution of a carbonyl band at the wavenumber of ~2121 ¢cm™ during 35 min of exposure.
There was also another shoulder-like feature at about 2 cm™ higher than the main band for D1, causing
the peak to be slightly asymmetrical. This feature gradually diminished in D2 and D3. The results were
comparable with the carbonyl band already observed on the Au-iron oxide dumbbell-like catalyst [19]
and alumina supported Au catalysts [21]. Interestingly, when compared to literature [10,21], the band
in these catalysts occurred at a wavenumber which is close to the band observed at reduced Au species
(2116 cm™) rather than the oxidized ones (2142 cm™). Therefore, it was concluded that the Au domain,
was slightly positive yet less positive compared to the corresponding Au-iron oxide catalyst (having the
same size of the Au domain). In order to further verify if the band is related to Au species, we also
monitored the spectra during 40 min of desorption and, as shown in Figure S4, the carbonyl band
totally disappeared in all samples. This excluded the possibility of the presence of species such as Cu’,

which can form more stable carbonyl species [21,32].
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Figure 4. DRIFTS spectra in the carbonyl region recorded during the adsorption of CO at room temperature using 0.25%
v/v CO in He as probe gas after oxidizing pretreatment in 6% v/v O, in He, at 350 °C for 1 h.

5.3.5. Structural properties

As mentioned above in the text, from the XRD patterns collected over the as-prepared NCs we
understood the change between the ratio of AuCu and magnetite as the dominant phases in the fresh
samples (see Table 1). In order to gain insights into the transformation of the NCs on the support, the
fresh NCs deposited on the XRD wafer were exposed to a similar heat treatment as in the case of the
catalysts. As shown in Figure S5-a, all activated samples had similar patterns samples, with the
intensities of the peaks related to iron oxide phase which were different among the samples, suggesting
the existence of different crystallite sizes. Reduction of the intensity for the iron oxide phases was in
correlation with increasing of the population of NCs with a hollow MOx domain. In addition, no
residual AuCu phase was found in any of the patterns, while its corresponding 100% peak was shifted
to a 20 which is indicative of Au phase. It was thus concluded that the AuCu phase of M domain of the

NCs was completely dealloyed in all samples resulting in formation of Au phase. On the other hand,
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the iron oxide phase was found to be mainly maghemite for all three samples while a small contribution

from a hematite phase was also found for D3 sample.

XAFS spectroscopy is another powerful tool to understand the relation between structure and
reactivity of active sites in heterogeneous catalysts [33,34] and therefore it was applied in this work to
study the structural properties of both fresh and activated catalysts. The spectra were collected at
different absorption edges, namely Au Ls-edge (11919 eV), Cu K-edge (8979 eV) and Fe K-edge (7112
eV), corresponding to the elements present in our system. The XANES spectra of the catalysts at
different edges were compared first (see Figure S6). Looking at the data related to Au L;-edge (Figure
S6-1&b), it was evident that the samples, either fresh or activated, had almost similar absorptions
profiles without a shift in the absorption edge suggesting the same oxidation state for the Au among the
samples. All fresh samples resembled XANES spectrum of an AuCu alloy, while the activated samples
were representative of that of metallic Au [16]. The dealloying after activation was clear for all samples
by observing a dampening of the white line intensity at the energy ~11925 eV [16,35]. Interestingly
and with respect to the high sensitivity of XANES to small structural and electronic changes [36], a
very small decrease of the white line intensity was observed from D3-F to D1-F, suggesting a partial
dealloying in the fresh sample by increasing the OlAc content, in-line with the XRD results where a
tiny shift of the 100% peak of AuCu had been observed. The same trend for partial dealloying by
increasing of OlAc was observed and eventually more visible in the XANES spectra of the fresh
samples at Cu K-edge (Figure S6-¢). Indeed, D1-F showed a less intense pre-edge peak at the energy of
8980 eV compared to those of D2 and D3. This decrease of intensity suggested a decrease in the
fraction of Cu alloyed with the Au, in line with the increase of the OlAc content which acted as the
oxidizing agent during the synthesis. Comparing each fresh sample with its corresponding activated
one highlighted the same increase of oxidation state for Cu among all samples, practically to Cu>" and
as a result of the oxidation pretreatment [16]. Comparing the XANES spectra of the activated samples
at Cu K-edge (Figure S6-d), on the other hand revealed that the Cu in three activated samples have the
same oxidation state. Moreover, the absence of sharp features below 8990 eV indicated Cu®" ions are
coordinated in a more centrosymmetric configuration compared to the bulk reference (such as
octahedral sites). XANES spectra of the fresh samples at Fe K-edge, are compared in Figure S6-¢ all
representative of magnetite [16] with a decrease in the intensity of the white lines from D1-F to D3-F.
This decrease could be attributed to the lower crystallinity of the sample or a lower contribution of the

magnetite phase due to the presence of more NCs with Fe-rich cores in MOx domain, in-line with the
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result of XRD and TEM. All samples also featured a pre-edge peak at energy of ~7114 eV which could
be attributed to the Is to 3d transition, suggesting the existence of some non-centrosymmetric
absorption sites such as tetrahedral positions [37,38] which is expected in the magnetite crystalline
structure. The XANES spectra of the activated samples at Fe K-edge (Figure S6-f) proved a higher

oxidation state for Fe in all samples, while the spectra were resembling to that of maghemite [16].

In order to understand the structural properties of the catalytic samples, the absorption spectra were
further converted into the k space and the EXAFS functions were extracted from the post edge region
(see Figure S7). The k*-weighted EXAFS functions were then Fourier transformed to isolate the
contribution of different scatterings from neighboring atoms as a function of radial distance (see Figure

5).

The k*-weighted EXAFS functions of the fresh samples at Au Ls-edge as well as the magnitude of
their Fourier transforms (|FT|) are shown in Figure S7-a and Figure 5-a, respectively. While both
EXAFS functions and |FT| were quite similar, a small shift was observed in the data in the k space
suggesting a slightly different environment around the Au absorbers. This is also supported by the |FT]
results where a slightly more intense peak was observed for the first shell of Au-Cu indicative of AuCu
alloy. This is in line with the observation from XRD analysis using which we found AuCu phase was
totally preserved at minimum level of OlAc i.e. for D3-F. On the other hand, the activated samples
showed similar oscillations in the k space in line with XANES results suggesting the formation of Au
phase after activation (see Figure S7-b and Figure 5-b). The peaks in Figure 5-b could be attributed to
different Au-Au shells around the Au absorbers.

The same trend for partial dealloying of AuCu in the fresh samples was also observed by analyzing
the data at Cu K-edge. As shown in Figure S7-c, the oscillations were slightly shifted to higher energies
from D1-F to D3-F samples. This indicates slightly less scattering contributions from the atoms in the
first shell in vicinity of Cu absorbers. Indeed, the |FT| of the EXAFS functions revealed a peak at a low
radial distance of 1.4 A (see Figure 5-c), typically observed for oxygen-coordinated metal absorber [39-
42]. Noteworthy, the presence of CuO could be discarded for all fresh samples with respect to the
XANES results particularly the position of pre-edge feature of the spectra.
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Figure 5. The magnitude of the Fourier transforms of the k*-weighted EXAFS function for the fresh and activated
catalysts at different edges of (a & b) Au-L3, (¢ & d) Cu-K and (e & f) Fe-K; F and A designate fresh and activated

catalysts, respectively.

The EXAFS functions of the activated samples at Cu K-edge (Figure S7-d) indicated the same
pattern among the samples, i.e. the oscillations occurring at the same k, while the amplitudes were
decreasing from DI1-A to D3-A. This could be attributed to a more disordered nature [43] of the
sample, or the decrease of average coordination number due to termination effect in NCs with smaller

size [44,45], both consistent with the formation of more hollow MOxs. On the other hand, Figure 5-d
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showed the presence of a shell for all activated samples at low radial distance, typical of metal-O shell,
while two more shells with different intensities in form of a main peak with a clear shoulder could be
observed at higher radial distances. In principle, these two shells can be attributed to presence of metal
cations at octahedral and tetrahedral positions of a cubic oxide having a spinel structure [43]. As we
had proved the formation of Cu’?" upon activation as well as their possible incorporation into the
octahedral vacancies of the resulted oxide domain [16], we assumed the presence of a spinel structure
i.e. maghemite in which the octahedral cation vacancies are partially filled with Cu atoms. However,
due to increase of disorder as well as reducing of the crystallite size at the higher population of hollow
MOx, the intensities of the Cu-metal peak in the |[FT| was decreasing from DI1-A to D3-A.
Nevertheless, both peaks in oxide region of the |FT| can be as well attributed to the presence of Fe
atoms in both octa and tetrahedral positions which can contribute to the scattering at those radial

distances around Cu absorbers. .

Similar to the case of Cu K-edge, the EXAFS functions at the Fe K-edge (Figure S7-e) showed a
small shift to higher energies in line with the higher oxidation extent for the Fe from D3-F to DI-F, as
found out by XRD and EDS results. A similar situation was observed for the [FT| as in the case of data
of the activated samples at Cu K-edge consistent with the structure of magnetite having both octa and
tetrahedral cation positions. Needless to say, in this case only Fe atoms can be present in the cation
positions as Cu atoms were found to be mostly in the alloy phase. A shoulder was observed at the radial
distance of ~2 A which was more intensified from D1-F to D3-F. This could be related to amorphous
iron phase which was increasing from D1-F to D3-F in line with the observation in |[FT|. EXAFS
functions of the activated samples at Fe K-edge (Figure S7-f) were also representing a similar pattern
as in the case of Cu K-edge i.e. the amplitude of oscillation was decreasing from D1-A to D3-A. This
again suggested the similarity between the crystalline structure of the samples, while the increased
disorder or the termination effect due to further reducing of the size of the nano MOx domains was
prevailing in the case of a higher population of NCs with hollow oxide. The |FT| also in this case

revealed a typical profile for the oxides containing of both octahedral and tetrahedral positions.

5.4.Summary and Conclusions

To sum up, we prepared a set of dumbbell-like NCs consisting of AuCu and iron oxide while a
fraction of the NCs had Fe-rich core in the oxide domain. Indeed, it was possible to manipulate the

population of such NCs by tuning the synthesis conditions. Their presence could be attributed to less
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oxidation extent for Fe as a result of using less amount O source in the synthesis. A set of catalysts was
prepared from these NCs and further studied in CO oxidation after an initial activation pretreatment
which was necessary to remove the protecting ligands. A number of nanoscale transformations were
observed upon activation which essentially defined the final catalytic properties of the NCs. While the
dumbbell-like morphology was preserved upon activation in all samples, it was observed that the NCs
having Fe-rich core would evolve to have a hollow oxide domain. In this regard, the final NCs were
consisting of Au in the metal domain and a Cu-poor cuprospinel phase in the oxide domain or from
another perspective, a maghemite structure with Cu incorporated in its octahedral vacancies.
Interestingly, the samples showed different CO oxidation activity and a trend was obtained for
decreasing of the activity by increasing the number of NCs with hollow oxide domain. As the sizes of
both metal and metal oxide domains as well as the morphologies of the NCs with and without hollow
oxide domains were similar in all cases, we tried to correlate the difference in the activity with possible
difference in structural properties. The charge transfer between the two domains was studied by CO-
DRIFT and XPS, both suggesting a similarity for the Au species in the system regardless of having
NCs with hollow oxide domain. On the other hand, XAFS results revealed that despite having similar
crystalline systems in the samples, the oxide domain would become more disordered as the population
of NCs with hollow oxide domain increased. One explanation for the observed difference in activity
could be a different reducibility of the nano MOx domains as a result of reducing crystallite sizes by
increasing the population of NCs with hollow MOx. In addition, the distribution of the Cu can be
different in the full MOx versus hollow ones which can affect the activity of the catalysts. These issues
are currently under investigation as they require further evaluations. In addition, the qualitative

interpretation of the EXAFS data will be confirmed by quantitative analyses and modeling.
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Figure S1. Typical bright-field (BF)-TEM image of the as-prepared AuCu colloidal NCs; top left inset:
size distribution obtained by measuring ~650 NCs; the XRD pattern of AuCu seeds at the bottom.
Experimental data are compared with the database powder XRD pattern for tetragonal AuCu (ICSD

code: 42574).

Figure S2. HAADF-STEM image and corresponding quantitative EDS maps (intensity proportional to
atomic %) for of Au (yellow), Cu (red), Fe (green), and O (blue), showing localization of Au and Cu in

the metal domain and Fe-rich core in the metal oxide domain.

S-2



—D1-F

— D2-F
—_

. —— D3-F
-
<
>
=
n
c
)
dd
c

—_ AuCu

‘ Magnetite

\ ‘ | .| ‘

20 30 40 50 60 70 80
2 theta (°)

Figure S3. X-ray diffraction (XRD) pattern of the as-synthesized AuCu@FeOx dumbbell NCs.
Experimental data are compared with the database powder XRD patterns for tetragonal AuCu (ICSD
code: 42574) and magnetite Fe3O4 (ICSD code: 65341).

Calculation of Au domain size from dealloving of AuCu domain of AuCu@FeOx NCs:

We estimated the size of Au domain resulting from dealloying of Cu from AuCu domains of
dumbbells into Au. We considered the initial AuCu domain as sphere with atomic Au:Cu ratio = 50:50
(as per the ICP results), in the ordered tetragonal phase as observed by XRD. First, the number of Au
atoms in the resulted Au domains would be equal to the number of Au atoms in the initial AuCu
domains of dumbbell NCs before activation. Therefore, considering the unit cell volume of AuCu
(28.72 A’ in the JCPDS card No. #98-004-2574) and the number of Au atoms per unit cell of AuCu

(which is equal to 1), we have:

VAuCu domain X NAu atoms per AuCu unit cell

NAu atoms in Au domain = NAu atoms in AuCu domain —

VAuCu unit cell
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where V' aucu domain €an be calculated considering the dimeter obtained from image analysis (i.e. ~ 5.7
nm). Then, the volume of an Au domain and subsequently its diameter can be calculated considering it
as spherical (V aunc). Then, considering the number of Au atoms in the unit cell (which is equal to 4)
as well as the known unit cell volume of Au (67.92 A’ in the JCPDS card No. #98-004-4362), the

number of Au atoms per Au NC was calculated from:

V _ |4 Au unit cell X NAu atoms in AuCu domain
Au domain —

NAu atoms per AuCu unit cell

To resulting value for size of resulted Au domain is 4.8 nm which is similar to the measured value of

5.0 nm obtained from image analysis of the activated catalysts.

Evaluation of Turn over Frequency (TOF):

We report the rate of reaction as:

molCO2produced  COfeed (Ncc/min) - COconversion
S 60 (s/min) - 22.414 (cc/ mol)

We assumed spherical Au domains and considered that only half of the sphere was exposed to the
reacting atmosphere (i.e. half of the sphere is embedded in the iron oxide domain). The content of gold
was measured by ICP. We consider bulk gold density and the area occupied by surface gold atoms to

be 1.9 E-5 mol/m” [1]. TOF was thus calculated as:

molCO2produced 1
S molAu

TOF =
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Figure S4. DRIFTS spectra in the carbonyl region recorded during the desorption of CO at room

temperature using 6% v/v O, in He.
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Figure S5. (a) comparison of the X-ray diffraction (XRD) patterns for the calcined AuCu@FeOx
dumbbell NCs. (b) — (d) provide the comparison between the fresh and calcined NCs for each set of
samples. Experimental data are compared with the database powder XRD patterns for tetragonal Au
(1CSD code: 44362), maghemite (ICSD code:87119) and hematite (ICSD code:82136).
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1. Introduction

There has been an emerging demand for green chemical routes in the synthesis of organic
compounds due to environmental concerns, particularly when homogenous catalysis is involved.
Generally, homogeneous catalysts provide high activity and better selectivity due to their high level of
exposure and spatial configuration at the molecular level. However, they suffer from a major drawback
which is the fact that the catalyst needs to be separated from the reaction mixture in order to isolate the
product [1]. This is not a very trivial task yet important for economic and environmental reasons. To
overcome this problem, one possible approach involves the immobilization of the homogeneous metal-
based catalysts on a support, which can be more easily separated from the reaction mixture by means of
filtration or other techniques. Application of magnetic supports in this regard gives the advantage of
facile separation using an external magnet [1,2]. In this way, the catalysts can be further recycled and

be used again, providing an economic and practical synthesis route.

Different approaches have been taken to immobilize the metallic active sites; most of them involved
the initial modification of the surface of the magnetic support in order to anchor the metallic active
sites [3]. The metal NCs can be also encapsulated within a porous polymeric shell which is formed
around the magnetic NPs as the core of the composite catalyst to provide the possibility of magnetic
separation [4]. In this class of materials, metallic NCs are typically formed by reduction of a metal
precursor after impregnation of the support and the polymeric matrix [5]. Indeed, such nanocomposite
can offer a very good dispersion of the metallic active sites which consequently results in a high level

of activity.

Within this context, catalysts can be also prepared by deposition of pre-made colloidal nanocrystals
(NCs) on magnetic supports. The use of pre-made NCs in catalyst preparation offers an additional
possibility to finely tune the size and the properties of the active sites (such as shape, morphology,

composition and crystalline structure) and to exploit synergetic effects between different constituents.

Considering the above discussion, I started a work in the third year of my PhD in the group of Prof.
Reiser in the Institut fiir Organische Chemie, Institut fiir Pharmazie und Chemie, Universitét
Regensburg, where I stayed for 9 month in the context of a cotutelle agreement (from Dec 2015 till
September 2016). There, I explored the catalytic activities of some of the NCs synthesized in IIT for
liquid phase hydrogenation and oxidation reactions. In this regard, I developed a procedure to prepare

magnetically recyclable catalysts using Turbobeads magnetic NPs as support (i.e. commercially



available carbon coated Co NPs [6]) and pre-made colloidal NCs. I prepared a number of catalysts and
applied them in liquid phase oxidation and hydrogenation reactions. The most promising results were
observed for the hydrogenation of cinnamaldehyde to its corresponding unsaturated (or saturated)
alcohol using AuCu (or AuCu@FeOx) NCs. We have checked the effect of different parameters on the
extent of the reaction and found that the reaction takes place at moderately high H, pressure of 20 bar,
the temperature of 50 °C and 24 h reaction time. The method for catalyst preparation is straightforward
and can be applied for other colloidal NCs of interest as long as they are stable under harsh conditions
of sonication. In order to complete this work, it should be extended further in different directions.
Briefly, some few more tests are needed in order to fully understand the effects of the reaction
parameters on the extent of cinnamaldehyde hydrogenation as well as the product distribution. The
catalysts should be also characterized further before and after reactions. Considering the magnetic
nature of the catalyst, some consecutive trials should be performed in order to study the recyclability of

the catalyst. The work will be hopefully finalized by the time of the defense.

2. Experimental

The catalysts were prepared using colloidal deposition method. Different colloidal NCs were
synthesized including Au, Pd, AuCu and AuCu@FeOx and were used as catalysts for the tested
reactions. To achieve a targeted loading, a specific amount of colloidal NCs with known concentrations
were taken and added to specified weight of Turbobeads magnetic NPs dispersed in a solvent. The
solvent used in the preparation of the catalysts was identical to the dispersing solvent of the colloidal
solutions. The suspension in a vial was then sonicated for 1 h after which the solvent was removed and
the solid catalyst was dried at 80 °C or 2 h. A number of catalysts were also prepared in the same
manner using alumina as support to check some engineering aspects of the testing protocol, as will be
discussed in the text. In order to see the effect of the ligands around the deposited NCs, the catalysts
were also rapidly calcined before using, at high temperature of 500 °C in air atmosphere [7]. The fast
calcination procedure was indeed applied to limit the burning of the carbon coating of the Turbobeads

NPs. The procedure applied for the preparation of the catalyst is schematically shown in Scheme 1.
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Scheme 1. Sketch of the catalyst preparation procedure.

The batch reaction tests were performed in two ways depending on the applied pressure. For the tests
under atmospheric pressure, a standard 10 ml reaction tube equipped with a valve was used. Through
the valve, either O, or H, was provided by a balloon to perform oxidation or hydrogenation reactions at
atmospheric pressure. The hydrogenation reaction was also performed under high pressure using an
autoclave where high pressure H, was provided from a cylinder. The vessels in both cases were
evacuated and/or purged at least 3 times prior to reaction test. To do so, a specific weight of the catalyst
was introduced into the reaction vessel and then a specific volume of an already-prepared solution of
the substrate was added to it. The reaction media was mixed using a magnetic bar throughout the
applied time. After completion of the reaction, the catalyst was separated either by using an external
magnet (in case of the Turbobeads support) or by filtration (in case of the alumina support). The
catalyst inside the reaction tube under mixing, as well as the effectiveness of the magnetic separation of
the catalyst is shown in Figure 1. The extent of the reaction was then monitored offline by GC,
measuring the concentration of the substrate before and after the reaction. An internal standard i.e.
dodecane was used in order to quantify the GC results. The substrates used in the experiments are

reported in Table 1.

Figure 1. (Left) catalyst under mixing (right) magnetic separation of the catalysts by external magnet.



Table 1. list of the substrate used in my experiments.

Compound Formula Structure
O
1 Benzalaceton C1oH100 OM
(0]
2 Cinnamaldehyde CyHgO @/\)‘\H
3 Trans-stilben Ci4H12 O X O
; N OH
4  Cinnamyl alcohol CoH100

3. Results and discussion

The results are summarized here being categorized with respect to the different catalysts used in the

experiments.

3.1. Au/Turbobeads

This sample was initially prepared in order to understand the applicability of the preparation method
as well as the potential application of such catalysts in liquid phase hydrogenation. Pre-made colloidal
solution of 3 nm Au NPs (synthesized based on the procedure reported by us in [8]) was used in order
to have the catalyst with a nominal loading of 0.2 and 0.5 wt.%. In both cases, it was found that the
loading of the catalysts were ~50% less than the targeted values. The reason would be the instability of
Au colloidal NCs under sonication. So basically, the NCs were getting aggregated under harsh
sonication conditions. The aggregation was even visually observable after sonication, forming a layer
of Au deposited on the surface of the vial used for catalyst preparation. Nevertheless, the catalyst was
tested in the hydrogenation of benzalaceton (an unsaturated ketone) and cinnamaldehyde (an
unsaturated aldehyde) to explore the activity of the catalyst in hydrogenation of C=C double bond,
and/or aldehyde or ketone functional groups in such compounds. The conditions of the tests are

summarized in Table 2.



Table 2. Results of the hydrogenation reactions using Au/Turbobeads catalyst (room temperature,

solvent: isopropanol)

Substrate Cat. mol% t (h) P (bar) Conversion (%)

1 0.09 3 1 0
1 0.22 3 1 0
2 0.38 3 1 0
2 0.38 3 20 0

* Defined as the total moles of the metal on the loaded catalyst / the total moles of substrate.

3.2. Pd/Turbobeads

This sample was prepared with respect to the fact that the Pd is known to be very effective for
hydrogenation of the C=C bond even at room temperature [4,5]. So the idea was to see if the ligands
around Au NCs are blocking (or limiting) the access to the Au atoms and thus hindering the reaction
though the Au based catalyst are typically reported to be active at moderately high temperature and

pressure [9].

In this regard, I prepared a batch of Pd NPs based on a procedure reported in [10], quite similar to the
procedure I adopted to prepared Au NPs. Briefly, Pd(acac), was dissolved in a mixture of olyelamine
and Tetralin® and mixed under inert atmosphere for 10 min. Then, the stoichiometric amount of the
reducing agent TBAB (tertiary butylamine borane complex) was added to the mixture. The temperature
was raised to 60 °C where the formation of NPs was observed by sudden change of the color to black.
The reaction was mixed at this temperature for an hour. After that the NPs were washed twice with
isopropanol and separated with centrifuge and finally dispersed in hexane. In this way, a batch of Pd

NPs was prepared having exactly the same ligands as the Au.

The catalyst was prepared by colloidal deposition under sonication in the same way as for the Au
catalyst. Also in this case, the Pd NCs were found to be unstable under such harsh conditions and the
loading was ~30% less than the targeted value. Nevertheless, the catalyst was tested in a number of

hydrogenation reactions. Three reaction tests were performed as specified in

Table 3 and the catalyst was found to be promising in hydrogenation of the C=C bond. Noteworthy,

the catalyst was not active in hydrogenation of the aldehyde functional group at these conditions as



checked by comparing of the GC results against the reference materials i.e. saturated / unsaturated

aldehyde and alcohols.

Table 3. Results of the hydrogenation reactions using Pd/Turbobeads catalyst (room temperature,
solvent: isopropanol);

Conversion TOF (h™)
Substrate Cat. mol%o t (h)

(bar) (%0)
1 0.11 3 1 30 93.9
1 0.41 3 1 92 74
3 0.07 3 1 83 400

These results suggested that the catalyst made from this simple route showed a TOF for the

conversion of (3) comparable to the previous Pd catalysts reported in literature [5].

3.3. AuCu/Turbobeads

The colloidal AuCu NCs were synthesized according to the procedure we published before [11]. The
as-prepared NCs were then used to prepare the catalyst under the same conditions reported above in the
text. The loading of the metals was checked by ICP and found to match the targeted value. This proved
the stability of the AuCu NCs under harsh sonication conditions as we had seen also before in case of
other supports (for instance bulk magnetite). The catalysts were then tested in a number of oxidation
and hydrogenation reactions as shown in Table 4. It should be mentioned that the temperature of the
reactions was also increased in some cases (either using an oil bath equipped with an external

temperature controller or a heating mantel in case of high pressure trials).

Table 4. Results of the oxidation reactions using AuCu/Turbobeads catalyst.

P Solvent Conversion
Substrate Cat. mol%  t (h)
(°C)  (bar) (%)
2 0.85 3 50 1 isopropanol 0
2 3.5 3 50 1 isopropanol 0
2 3.5 3 50 1 Toluene 0
4 1.7 3 50 1 Toluene 0




One trial was also performed for the oxidation of (4) to the corresponding aldehyde (2) using the
calcined catalyst under the same conditions as in the last entry of Table 4. The reason was to see if
removal of ligands can have a positive effect on the activity of the catalyst. Also in this case, no
conversion was observed. The catalyst was then tested before and after calcination in hydrogenation of

(2) with the aim to obtain its corresponding unsaturated alcohol (4).

Table 5. Results of the hydrogenation reactions using AuCu/Turbobeads catalyst (isopropanol was

used as solvent in all trails).

T Conversion
Substrate Cat. mol% t (h) P (bar)
(°C) (%)
2 0.85 (non-calcined) 3 50 20 0
2 1.7 (non-calcined) 24 50 20 100
2 0.7 (calcined) 24 50 20 100
2 0.36 (calcined) 24 50 20 0

It was observed that 100% conversion can be achieved either by calcined or non-calcined catalyst.
However, at catalyst/substrate molar ratio as low as 0.36, no conversion was observed. Two additional
tests were also performed; one using toluene as the solvent to see the effect of the solvent and a blank
run (without using the catalyst) to check contribution of the uncatalyzed reaction. In both cases, the
temperature was 50 °C and the reaction time was set to 24 h. No conversion was observed in neither of
the tests proving that the catalyst was the active agent for the conversion of (2). It was also inferred
from the tests that apparently there was an induction period and so probably the reaction was not taking
place in the initial time of the reaction (see for example [12]; though it should be mentioned that this
issue requires further careful examinations if it will be a matter of interest). This might be also due to
the fact the catalyst was not properly dispersible in the reaction media especially in the first hours of
the reaction. This could lead to an improper mixing of the catalyst in the liquid media and therefore
decrease the accessibility of the catalyst active sites to the substrate. Indeed, after some time the
catalyst particles were more dispersed in the liquid media under the mixing and therefore the reaction
was conducted. To double check the issue of mixing, some reaction tests were performed under
sonication while in another trial, alumina supported catalyst was used. The oxidation of (4) dissolved in
toluene at room temperature and atmospheric pressure was carried out as an index reaction. In general,

conversion was observed to a small extent upon enhancement of the contact between the catalyst and

9



the substrate, whether provided by alumina support or due to sonication. Nevertheless, the results were
not interesting from catalytic point of view as it seemed that the limiting step for this reaction was not
the mixing but the solubility of the gas phase reactant in the liquid phase. Indeed, reaction carried out at

20 bar of H, could achieve 100% conversion, even at the seemingly improper mixing conditions.

In the next step, I characterized the product of this hydrogenation reaction to see if we were
selectively hydrogenating the aldehyde functional group. The product of the reaction test at which we
had 100% conversion was characterized initially by Thin Layer Chromatography (TLC) which showed
the hydrogenation of aldehyde group as well as hydrogenation of C=C. I also checked the product by
MS as well as GC, comparing the retention time of the product against the reference samples. Both
techniques revealed that the product is the saturated alcohol and so the catalyst was able to hydrogenize

both aldehyde functional group and the C=C.

3.4. AuCu@FeOx/Turbobeads

The colloidal NCs used to prepare this catalyst were prepared according to a method which was
developed in our group in IIT [13]. The dumbbell like NCs are composed of a metal domain of AuCu
(similar alloy NCs that were introduced before), attached to an iron oxide domain. Before using this
catalyst, the loading of the catalyst was checked by ICP and it was found that also in this case, the
measured values were identical to the targeted loadings. This proved the stability of dumbbell NCs

under sonication and also the applicability of the method for catalyst preparation.

Using this catalyst, a number of reaction tests were conducted as summarized in Table 6. It was
found out that also in this case, the high pressure of H, was the most important factor to achieve full
conversion. Interestingly, it was found that there was a product distribution at full conversion in such a
way that only ~50% of the product was the saturated alcohol. The other product was the unsaturated
alcohol (4). This suggested that there were two reactions in series i.e. hydrogenation of aldehyde
functional group followed by hydrogenation of C=C. This can be a very interesting subject to study
further as it can be related to the different redox properties of AuCu domain when attached to iron
oxide. The existence of a charge transfer between the two domains of the dumbbell NCs have been
shown in our previous studies which can be the explanation for the observed catalytic properties.
Interestingly, when the reaction was performed at lower pressure of 10 bar, no conversion was

observed proving again the importance of this parameter in the extent of reaction. Nevertheless, the
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reaction should be also checked at this lower pressure but prolonged time to make sure about the effect

of the pressure.

Table 6. Results of the hydrogenation reactions using AuCu@FeOx/Turbobeads catalyst
(isopropanol was used as solvent in all trails).

Substrate Cat. mol% t(h) T(°C) P (bar) Conversion (%)

2 1.7 (calcined) 3 50 1 0
2 0.7 (calcined) 6 50 20 0
2 0.7 (calcined) 24 50 20 100
2 0.7 (calcined) 18 50 10 0

4. Concluding remarks on application of colloidal NCs in liquid phase reactions

We have applied a procedure to prepare magnetically recyclable catalysts for liquid phase reactions.
Using Turbobeads magnetic NPs and pre-made colloidal NCs, I prepared different batches of catalysts
and applied them in a number of oxidation and hydrogenation reactions. The most promising results
were the hydrogenation of cinnamaldehyde to its unsaturated corresponding alcohol or the saturated
alcohol using AuCu/Turbobeads or AuCu@FeOx/Turbobeads. We have checked the effect of different
parameters on the extent of the reaction and found that the reaction takes place at a moderately high
pressure of 20 bar, the temperature of 50 °C and 24 h reaction time. The method for catalyst
preparation is straightforward and can be applied for other colloidal NCs of interest as long as they are

stable under harsh conditions of sonication.
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