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Highlights

e How hollow oxide morphology affects the CO oxidation of supported Au NPs

o Hollow oxide morphology affected the surface charge of Au domain

¢ Hollow oxide morphology affected reducibility and crystallinity of oxide domain
e Structural differences did not affect the rate limiting step of CO oxidation

o Hollow oxide morphology affected the number of active sites

Abstract:

Using wet chemistry synthesis methods we prepared nanodumbbell structures as a model oxide
supported metal catalyst. In this peculiar configuration, a single metallic domain (M) is connected to a
single metal oxide (MOX) one. The size, composition and morphology of each domain can be carefully
controlled, allowing us to investigate the effects resulting from a hollow morphology of the MOXx
domains, while all other material’s properties were kept constant. We chose the CO oxidation as a
model oxidation reaction and increasing the population of nanocrystals (NCs) with hollow oxide
domains resulted in a decrease in catalytic activity. Despite the manipulation of oxide morphology
affected the surface charge of the Au domain, the bulk oxide reducibility and the crystallinity of the
nanosized oxide support, the rate limiting step of CO oxidation was not affected. The same apparent
activation energy was indeed measured independently from the population of NCs with hollow oxide
domains. The difference in catalytic performance was thus ascribed to a different number of interfacial
active sites when the morphology evolved from full to hollow.

Keywords:

metal-oxide catalysts; gold; nanodumbbells, Metal-support interaction, oxidation catalysis

1. Introduction

It is established in the literature that the metal-support interaction (MSI) is a key factor in defining
the activity of metal supported catalysts [1-7], a family of heterogeneous catalysts that is widely

employed in environmental catalysis[8,9]. In addition, MSI can also be responsible for the stability of
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the catalysts through preventing or facilitating sintering [10]. Indeed, the metal-support boundary sites
can be largely responsible for the promotion of individual reaction steps that can subsequently enhance
the overall catalytic activity [1,7,11,12]. There are different mechanisms such as charge transfer, spill
over and perimeter activation which can describe how the MSI can enhance the catalytic properties
[13]. Nevertheless, two aspects of the interface can be considered fundamentally important, namely the
electronic properties which cause the charge transfer, and the chemical interaction either in the form of
an atom transfer [2] or stabilization of low-coordinated atoms [14]. Several works have been published
which study the significance of MSI and how to manipulate it. For example, Bruix et al. have identified
a new type of strong MSI in a single crystal model catalyst of Pt/CeO> which produces a large
electronic perturbation for small Pt particles in contact with ceria and, subsequently, is responsible for
its enhanced activity in the water gas shift reaction [15]. Regarding the effect of synthesis methods on
MSI for a Pt/NCNT catalytic system, Ning et al. have reported how different synthesis conditions and
subsequent changes in electronic properties correlate with different activities [6]. Cargnello et al.
studied the role of MSI in CO oxidation, using pre-made Pd, Ni and Pt with different sizes on ceria and
alumina. They concluded that the size dependent activities indeed arose from the different number of
interfacial atoms at the perimeter of the metals in contact with the supports [12]. In contrast, Yu et al.
have reported that the strong MSI for Au/TiO> has a major influence on the electronic structure of the
Au, dominating the effect of size reduction [14]. These results indicate that it is still important to isolate
the significance of different structural parameters, including MSI, and to understand how they affect
the activity [13,16], particularly when dealing with nanomorphology-induced catalytic properties [17].
This is hardly ever achieved by studying the catalyst prepared by conventional methods, simply
because obtaining a uniform set of active species could be quite difficult and challenging. Colloidal
synthesis approaches, on the other hand, provide the tools to prepare the targeted materials with well-
defined structural properties. Such materials can then be used to gain fundamental understanding of the
catalytic functions [18]. Among different types of colloidal nanocrystals (NCs), those with a dumbbell-
like morphology represent a very important class of materials that is characterized by a nanosized metal
(M) and a metal oxide (MOx) domain which are epitaxially attached to each other [19-21]. They
provide an ideal system for fundamental studies regarding the influence of different parameters, such as
metal size or composition and metal-support interaction, in a catalytic system. For example, we have
previously shown that the CO oxidation activity at constant Au loading is essentially related to the
interface between Au and iron oxide, which is promoted by decreasing the Au domain size at a similar

Au surface charge and at the same nanosized support [22]. In another work, we showed the superior
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thermal stability of the metallic NPs when attached to a nanosized support, which resulted in a

significant improvement in the activity compared to bulk-supported NPs [20].

In this work, we have studied how the morphology of the nanosized oxide support in a nanodumbbell
structure influences the stability of the metal domain, the MSI and the catalytic activity in CO
oxidation. Specifically, we investigated the effects resulting from a hollow morphology of the MOx
domains. Different catalyst batches were prepared, consisting of dumbbell-like NCs having the same
size of the M domains and the same external diameter for the MOXx ones, while the population of the
NCs with a hollow oxide domain was different among the batches (as schematically shown in Scheme
1). The prepared materials were used as catalysts in the CO oxidation reaction and were extensively
characterized in order to establish the structure-activity correlation for the selected reaction. Indeed, we
observed a difference in activity among the samples i.e. the catalyst with a higher population of hollow
oxide NCs was less active. They had the same sizes of M and MOx domains but where characterized
by (i) different surface charge of the Au domains; (ii) different reducibility of the MOx domain; (iii)
increase disorder in the MOx and the appearance of a minor fraction of hematite phase as the
population of hollow MOx domains increased. Yet, the same apparent activation energy was measured
for all the samples. This experimental evidence indicates that none of these changes was found to
significantly affect the rate limiting step of the CO oxidation reaction, likely the abstraction of O from
the interfacial metal/metal oxide sites [7]. The lower activity in case of hollow particles was thus

attributed to a lower number of interfacial active sites.

2. Experimental
2.1. Chemicals

Oleylamine (OlAm, 70%), HAuCl4-3H20, 1-octadecene (ODE, 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 from Sigma Aldrich. The y-Al,O3 extrudate (SSA
= 220 m?qg; average pore diameter = 6.5 nm) was purchased from Strem Chemicals and silica
(crystalline fine, coating quality, >99.9%) was obtained from Sigma Aldrich. All chemicals were used

as received without further purifications.

2.2. Synthesis of AuCu- Iron Oxide (AuCu/FeOx) NCs



AuCu/FeOx NCs were typically synthesized by a seed-mediated growth approach [20], using pre-
made AuCu NCs, synthesized based on the protocols described in [23], and iron pentacarbonyl was
used 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. Other batches were
synthesized using lower volumes of OlAc (i.e. 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 an 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 the AuCu NCs. Then, the atmosphere was switched to N. and the temperature was raised to
205 °C. Meanwhile, a solution of 80 ul Fe precursor in 1 ml of already-degassed ODE was injected
into 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), then centrifuged and dispersed in 10 ml of toluene. The samples were tagged as D1, D2 and D3,
corresponding to the NCs synthesized using 1.0, 0.5 and 0.2 ml of OlAc, respectively. The synthetic

procedure, along with the main controlling parameters, is illustrated in Scheme 2.

2.3. Catalyst Preparation

The alumina supported catalysts were prepared by a 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 then a proper amount of colloidal solution (targeting 1.0 wt.% Au) was added to it
and the suspension was sonicated for 2 h. After deposition, the transparent supernatants were removed
and the catalysts were dried in an air atmosphere at 80 °C for 3 h. The catalysts were also subsequently
calcined in static air for 10 h at 350 °C to remove the protecting ligands from the surface of the NCs
[20]. The samples were labeled as D1-A, D2-A and D3-A, corresponding to the activated catalysts that

were prepared from NCs using 1.0, 0.5 and 0.2 ml of OlAc in their syntheses, respectively.

2.4. Activity Measurements

The activity of the catalysts for CO oxidation in the kinetic regime 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 the CO, Oz and COz (SRA Instruments model R-3000). The catalyst powder was diluted with
silica powder (manually crushed and sieved to 90 um, 1:9 weight ratio), loaded into the reactor, pre-
treated at 350 °C for 10 h (heat rate 5 °C/min), and finally cooled down to room temperature in an

5



oxidizing atmosphere of 6% v/v O, balanced with He. Next, the feed gas was introduced into the
reactor and the temperature was raised stepwise. Each temperature was maintained for 2 h to reach the
steady state conditions. 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
240007000 Ncc/h/(g Au). Kinetic measurements were repeated twice for the same loaded batch, and at
least twice using different aliquots of the same catalyst, in order to verify the reproducibility and the
precision of the data. Experimental conditions were selected in order to keep the CO conversion below

15% and work under differential conditions.

2.5. Characterization

2.5.1. Transmission Electron Microscopy (TEM)

Overview bright-field (BF) TEM images were acquired using a JEOL JEM-1011 instrument with a
thermionic W source, which was 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, operating at
200 kV. Energy dispersive X-ray spectroscopy (EDS) analyses were carried out in high-angle annular
dark field-scanning TEM (HAADF-STEM) mode using the same microscope, equipped with a Bruker
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 and tilt series of the calcined catalysts were acquired using a FEI Tecnai G2 F20 instrument

with a Schottky emitter operating at an acceleration voltage of 200 kV.

2.5.2. 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 the case of powder catalysts) or volume (in
the case of colloidal solutions) was digested in HCI/HNOs 3:1 (v/v) overnight, diluted with deionized

water (14 uS) and filtered using PTFE filter before measurement.

2.5.3. 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
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mode. The diffraction patterns were collected at room temperature by 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. Initially, fresh
NCs were deposited on a zero diffraction silicon wafer which was placed in a furnace and exposed to a
heat treatment in an 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 non-supported NCs. XRD data analysis was carried
out using PDXL 2.7.2.0 software from Rigaku.

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

Measurements were performed at the XAFS beamline at the Elettra synchrotron light source [24] in
Trieste, Italy. The activated catalysts were diluted with polyvinylpyrrolidone (PVP) powder and
pressed into pellets. Next, the 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 the Fe K-edge (7112 eV), Cu K-edge (8979 eV) and Au Ls-edge (11919 eV)
in transmission mode with ion chambers detectors. The spectra of references, i.e. FesO4 (magnetite), y-
Fe:O3 (maghemite), a-Fe:Oz (hematite), CuFe2Os4 (cuprospinel), Fe foil, Cu and Au foils, were
collected for comparison and signal calibration. The collected data were normalized using the Athena
code within the Demeter package (version 0.9.25) [25]. The EXAFS part of the spectra was obtained
by converting the normalized data from energy space to k space and weighted by k2, then Fourier
transformed in the selected k range using a Hanning window. The fitting of the data was then
accomplished having considered the selected models using the Artemis code within the same Demeter

package. Details of the modeling are given in the supporting information (SI).

2.5.5. X-ray Photoelectron Spectroscopy (XPS)

XPS was performed on the activated catalysts using a Kratos Axis Ultra DLD spectrometer equipped
with a monochromatic Al Ka source (15 kV, 20 mA). High resolution narrow scans were performed at
a 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 7x10~° Torr for data acquisition. The data were converted to VAMAS format and processed
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 eV).



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

Spectra were collected on the activated catalysts that were unloaded after the reaction test. 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 was used to this purpose. 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 for purging and/or pretreatments (6% v/v Oz and balance He) and the other containing the probe
gas (0.25% v/v CO and balance He), both with a flowrate of 80 Ncc/min. The loaded sample was
pretreated prior to the measurements at 350 °C for 1 h (at a 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 in 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 a 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.

2.5.7. Temperature Programmed Reduction using CO (CO-TPR)

The CO-TPR measurement was performed using a micro-reactor system coupled with an NDIR
analyzer (ABB Uras 26) to monitor the CO and CO; outlet concentrations. In this regard, 15 mg of the
samples were diluted with 65 mg of alumina and loaded into a micro-reactor. Next, the samples were
pretreated at 350 °C for 3 h in an oxidizing atmosphere of 6% v/v O balanced with He and a flow rate
of 40 Ncc/min. After cooling down to room temperature, the mixture was changed to 1% v/v CO
balanced with He and the system was left to fully stabilize. Then, the temperature was raised to 750 °C

at a heating ramp of 15 °C/min and kept there for 1 h.

2.5.8. DFT Calculations

The calculations were based on the Density Functional Theory (DFT) as implemented in the PWsuite
of the open source Quantum Espresso package [26]. The plane waves basis set was limited by the
energy cutoff of 40 Ry. The electron density cutoff was set to 420 Ry. The interaction between the
valence electrons and the ions for Fe, O, and Cu was described by ultrasoft pseudopotentials, with a
Perdew, Burke and Ernzerhof functional. The structural and electronic properties of bulk Fe, FeO, and

Cu were in good agreement with other results reported in literature. In order to correctly describe the
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interactions among the d-Fe electrons we used the DFT + U approach. The value of the U parameter
was set to 4 eV, which is in agreement with the values reported in literature. All the calculations were
spin-polarized. A mesh grid (4 x 4 x1) was chosen to sample the Brillouin Zone, with a Marzari-
Vanderbilt [27] smearing of 0.002 Ry. The surface was modeled through the slab method (17 atomic
layers) and the external surfaces were separated by 21.2 A of vacuum. The calculations were dipole
corrected. The atomic positions were optimized using the Broyden, Fletcher, Goldfarb, and Shanno

(BFGS) algorithm until the forces on the atoms were less than 0.01 eV A~

3. Results and Discussion
3.1. Catalysts preparation

Our group recently reported the synthesis of dumbbell-like AuCu/FeOx NCs and their
characterization with several techniques [20]. In addition, we have shown that these NCs transform
upon activation to a nanocomposite with Au in the M domain and a Cu-poor cuprospinel phase in the
MOx domain, while the dumbbell morphology was preserved. In this work, we manipulated the
synthesis conditions using the same AuCu seeds in order to obtain nanostructures with different
properties in the MOx domain. By lowering the amount of OlAc in the synthesis, we were able to
adjust the oxidation extent of Fe in the MOx domain which, in turn, resulted in an increase in the
population of NCs characterized by a Fe-rich core in the MOx domain. Figure S1 displays the TEM
images of as-synthesized NCs along with the size distributions of both the M and MOx domains in
insets. The mean size of the M domain and the external diameter of the MOXx ones in the samples were
estimated by statistical analysis on the TEM images, which showed comparable values of ~5.7 nm for
the M domain and ~15.7 nm for the MOx (see Table S1). To characterize the observed core-shell
structure of the MOx domains, one typical NC with such morphology was analyzed by STEM-EDS. As
shown in Figure S2, the elemental mapping of a NC highlighted that the core of the MOx domain was
richer in Fe. Considering the proportional relationship between the EDS signal intensity to the atomic
density, and the decrease of Fe density with the increase of its oxidation state in oxides, we concluded
that the Fe-rich core is less oxidized than the shell. This is in line with the literature on the effect of
OIAc in the synthesis of Fe NPs [28]. It is noteworthy that the samples had the same (Au+Cu)/Fe and

Au:Cu molar ratios, as proven by ICP analysis (see Table S1).



The as-prepared NCs were further deposited on the y-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 catalysts were comparable, as measured by ICP-OES (see Table 1).

The activated catalysts were examined by electron microscopy and representative HAADF-STEM
images of the samples are shown in Figure 1. The activation pretreatment was the harshest set of
conditions to which the catalysts were exposed and therefore the stability of the catalysts during the
activity measurements was ascertained. Apart from a good dispersion of the metal domains on the
support (the brighter particles in the HAADF-STEM images), the formation of dumbbell NCs with a
hollow MOx domain was clearly observed, particularly for the D2-A and D3-A samples. In addition,
several tilted NCs were found in all three samples, with their 2D projections clearly showing a
dumbbell rather than a core-shell morphology. As in the case of the NCs with full MOx domains [20],
the series of tilted HAADF-STEM images on the D3-A sample further indicated that the dumbbell
morphology was mostly preserved in the case of NCs with a hollow MOx domain (see Movie IS1 and
the extracted images from the tilted series in Figure S3). The population of NCs with a hollow MOXx
domain, though not statistically measured, increased from D1-A to D3-A, which is in line with the
increase in NCs having a Fe-rich core in the as-synthesized NCs. This suggested that the hollow oxide
NCs were formed by the oxidation of Fe in those NCs with Fe-rich cores, most likely by a mechanism
known as the Kirkendall effect, as is thoroughly explained for a number of NPs [29-33]. While the
mean sizes of the M and MOx domains were found to be similar across the samples (see insets in
Figure 1), a small decrease was found in the size of the M domain compared to that of the fresh NCs,
which is likely due to the dealloying of Cu upon activation [20]. According to elemental mapping of a
NC with a hollow MOx domain (obtained by STEM-EDS), the Au was localized in the M domain
whereas the Fe and Cu were distributed in the MOx domain (see Figure S4), which is similar to our
previous observation for NCs with a full MOx domain [20]. The decrease in the size of the M domain
is in line with the transformation of AuCu domains to Au in the activated NCs (see Sl for details of
calculation). Eventually, a HRTEM of a NC with a hollow MOx domain revealed that small patches of
maghemite and hematite could be observed in the largely disordered MOx domain (see Figure S5). On
the other hand, NCs with a full MOx domain were found to be composed of Au and maghemite with
Cu incorporated into the MOx [20].
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The surface species on the activated catalysts were probed by XPS and CO-DRIFT. The former
revealed a similar situation in all three samples i.e. Au® in the M domain and fully oxidized Fe species
(Fe*") in the MOx domains excluding the presence of Fe?* (see Figure S5 in the SI for a more detailed

discussion).

CO adsorption was studied by DRIFT spectroscopy (Figure 2). By this technique, it is possible to
identify a slight change in the surface charge, especially for Au-based catalysts [23,34,35]. All three
samples showed the formation of a main carbonyl band at the wavenumber of ~2121 cm™ during 35
min of gas exposure, which is assigned to the Au® species [23,35]. A shoulder-like feature was present
at 2142 cm for D1-A, causing the peak to be slightly asymmetrical. This feature, which is assigned to
more positively charged Au species [23,35], diminished in D2-A and D3-A. In order to differentiate
between these two peaks, the absorption spectrum of the samples at 35 min was deconvoluted
considering a Gaussian function (see Figure S7). It was found that the contribution of the shoulder
feature decreased from ~26% of the total area of the absorption band for the D1-A to ~10% for D2-A
and finally it disappeared for D3-A which could be a semi-quantitative indication of the presence of
different MSlIs. The presence of Cu®*, which can be formed due to reduction of Cu?" species when
exposed to CO [36] was investigated. Such a reduction would result in the formation of carbonyl band
in the range 2110-2160 cm, accompanied to the formation of carbonates [36]. We first checked the
spectra in the carbonate region. As shown in Figure S8, no specific difference was observed in the
vibration frequencies of the main carbonate features [37] between the D1-A, D2-A, D3-A samples and
the alumina support, while the intensities were different considering the higher oxidation activity of the
samples compared to alumina. In addition, we compared our catalysts with a Au-lron oxide catalyst,
i.e. without Cu present, previously reported by us [22] and observed the same main features in the
carbonate region. Although the assignment in this region is not very straightforward because of several
possible carbonate structures [37], the results indicated no information on the possible contribution of
Cu oxide species. Thus, we monitored the spectra in the carbonyl region during 40 min of desorption.
As shown in Figure S9, the carbonyl band completely disappeared in all samples. This essentially ruled
out the possibility of the presence of Cu* surface species as they can form stable carbonyls that are
resistant to evacuation [23,38]. The carbonyls on Cu?* sites could be discarded as well since their
unlikely formation with a band around 2200 cm™ is only reported at low temperature or high CO
equilibrium pressure [38,39]. The presence of Cu® species was not considered with respect to the

oxidizing nature of the high-temperature pretreatment performed on the samples before the DRIFT
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experiment. Noteworthy to mention that no carbonyls can be formed on Fe®*" as well due to a the
covalency of the Fe-O bond and/or saturation of coordination [40].

Catalytic activity results

The catalytic properties of the particles were systematically studied in a CO oxidation reaction
through kinetic measurements and the results are shown in Figure 3, in which the rates are normalized
based on the Au loading measured by ICP. Indeed, an interesting trend was observed in the Kinetic
tests: the D1 sample, i.e. the sample with the lowest population of dumbbell NCs with hollow oxide
domains, exhibited the highest CO oxidation rate while the activity progressively decreased by
increasing the population of NCs with hollow MOx domains in D2 and D3. It should be noted that the
activation energy (Ea) was estimated using the Arrhenius equation and was found to be similar for all
the samples, being in the order of 40 kJ/mol suggesting that the rate limiting step of the reaction was
the same among the tested samples. In addition, considering more than 3.5 fold increase of the activity
from D3 to D1 and the fact that the size of the MOx domain is the same among the samples, we can
reasonably claim that the activity was not coming from the MOx domains. In this case indeed, a 3.5
fold decrease of the MOx diameter, resulting in a corresponding increase of the specific surface area
should have been observed in order to account for the increase of activity.

3.2. Structural properties

The crystalline structures of the NCs were initially investigated by XRD. As shown in Figure 4, all
calcined NCs had similar patterns, indicating the presence of Au and maghemite upon calcination,
which is in line with our previous report [20]. For the D3-A sample, a contribution was also observed
from a hematite phase, as the HRTEM results suggested. The standardless whole pattern fitting analysis
method, known as the Fundamental Parameter (FP) method (implemented in PDXL 2.7.2.0 software),
was used to determine the crystallite size (assuming an ellipsoidal crystallite shape model). The
estimated values are summarized in Table 2 along with the ratio of the present phases that was obtained
by semi-quantitative analysis based on the Reference Intensity Ratio (RIR). First, it was observed that
the crystallite sizes of the Au and maghemite domains were quite similar in all samples, which is in line
with the mean sizes of M and MOx domains that were obtained by TEM analysis. However, their
contributions to the diffraction patterns were different based on the RIR and, indeed, the ratio of gold to
maghemite increased from D1-A to D3-A. This could also be visually inferred from the XRD patterns,

as they were normalized based on the 100% peak of Au. The phase quantitation results were further
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used to obtain the Au/Fe elemental ratio in the samples which gave 0.45, 0.56 and 0.69 for D1-A, D2-A
and D3-A, respectively. Interestingly, the actual value for all three samples obtained by ICP, i.e. 0.24,
was close to the D1-A sample. This confirmed that the nature of oxide in the case of the hollow MOx
domains was more disordered than in the full MOx ones and eventually it was not detectable by means

of X-rays diffraction.

XAFS spectroscopy was applied to study the structural properties of the activated catalysts. The
spectra were collected at different absorption edges, namely at the Au Ls-edge (11919 eV), Cu K-edge
(8979 eV) and Fe K-edge (7112 eV), which correspond to the elements that are present in our system.
The XANES spectra of the activated catalysts at different edges are compared in Figure S10. Looking
at the data relating to the Au Ls-edge (Figure S10-a), it was evident that the samples had similar
absorptions profiles, without having a shift in the absorption edge, which suggests that all the Au
samples had the same oxidation state. All samples resembled the XANES spectrum of metallic Au,
which is featured by a dampening of the white line intensity at the energy ~11925 eV [20,41].
Comparing the XANES spectra of the samples at the Cu K-edge (Figure S10-b) also revealed that the
Cu in the activated catalysts have the same oxidation state while a difference was observed in the
intensity of the white line, possibly due to the variation in the average coordination number from D1-A
to D3-A. Moreover, the absence of sharp features below 8990 eV indicated that Cu?* ions are
coordinated in a more centrosymmetric configuration (such as octahedral sites) than in the bulk
reference (i.e. CuO). The XANES spectra of the activated samples at the Fe K-edge (Figure S10-c)
proved a similar oxidation state for Fe in all samples with the spectra resembling that of maghemite
[20]. A small difference was observed in the intensity of the white line in the case of the Cu-K edge,
suggesting a difference in the average coordination number of the Fe absorbers, which possibly
resulted from the increase in NCs with a hollow MOx domain, and the consequent decrease in the long-
range order. All samples also featured a pre-edge peak at an energy of ~7114 eV which could be
attributed to the 1s to 3d transition, suggesting the existence of some non-centrosymmetric absorption

sites such as tetrahedral positions [42,43] which is expected in a maghemite crystalline structure.

Moreover, the absorption spectra were further converted into the k space and the EXAFS functions
were extracted from the post edge region (see Figure S11). 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 activated samples
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at the Au Ls-edge and the magnitude of their Fourier transforms (|FT|) are shown in Figure S11-a and
Figure 5-a, respectively. The EXAFS functions and |FT| were identical for all the samples, which is in
line with the XANES results, suggesting the formation of the Au phase after activation. The peaks in
Figure 5-a could be attributed to different Au-Au shells around the Au absorbers, as is confirmed by
simulation (see Figure S12 and Table S2).

The EXAFS functions of the activated samples at the Cu K-edge (Figure S11-b) indicated the same
pattern across the samples, i.e. the oscillations occur at the same k, while the amplitudes decreased
from D1-A to D3-A. This could be attributed to a more disordered nature of the sample [44] or the
decrease in the average coordination number due to the termination effect in NCs with a smaller size
[45,46], both of which are consistent with the formation of hollow MOx domains, resulting in a
decrease in the crystallinity. On the other hand, Figure 5-b showed the presence of a shell in the |FT| for
all activated samples at a low radial distance, which is typical of metal-O shells, while two more shells
with different intensities in the 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 the presence of metal cations at
octahedral and tetrahedral positions of a cubic oxide with a spinel-like structure [44]. Since we have
proven the formation of Cu?* upon activation as well as its possible incorporation into the octahedral
vacancies of the resulted oxide domain [20], we assumed the presence of a spinel-like structure, i.e.
maghemite, in which the octahedral cation vacancies are partially filled with Cu atoms. Indeed, the
results of the simulation highlighted the increase in the termination effect from D1-A to D3-A, as the
average coordination numbers of each shell around the Cu absorbers, specifically for the higher shells,
was decreasing at a constant ¢® (see Table S3). This indicates an increase in disorder and a decrease in
nanostructure size in the case of the hollow MOx domains, which is in line with XRD results.

EXAFS functions of the activated samples at the Fe K-edge (Figure S11-c)also showed a similar
trend to that of the Cu K-edge, i.e. the amplitude of oscillation decreased from D1-A to D3-A. This
again suggested on the one hand a similarity in the crystalline structure of the samples, and on the other
hand the increased disorder - or rather the termination effect due to further reducing the size of the nano
MOx domains - in the case of a higher population of NCs with hollow oxide. Also in this case, the |FT|
revealed a typical profile for the oxides that contained both octahedral and tetrahedral positions, as
shown in Figure 5-c. The simulation in this case was done considering a maghemite model in which Cu

ions are incorporated into octahedral vacancies. Indeed, we observed that while most of the fitting
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parameters were similar across the samples, the o factor increased from 0.011 to 0.015 for D1-A to
D3-A, which is in line with the increase in disorder (see Table S4). It is noteworthy that a slight
deviation was observed for the half path lengths in the higher shells of metal and oxygen in comparison
with the model. This could be another indication of the incorporation of the Cu?* into the maghemite

structure, which can cause a minor distortion in the structure of the maghemite [47].

3.3. Reducibility of the nanosized supports

Eventually, the reducibility of the nanosized MOx domains was evaluated by means of CO-TPR. The
reducibility could potentially affect the activity of the catalysts considering the fact that the CO
oxidation could follow the Mars Van Krevelen mechanism [7], as is suggested for Au-iron oxide
catalysts [48-50]. Indeed, in the case of Au/iron oxide catalysts, Au can cause a decrease in the strength
of the Fe—O bonds in the vicinity of the Au atoms which would lead to a higher lattice oxygen mobility
and subsequent enhancement in the reducibility of the iron oxide [51,52]. As shown in Figure 6, all
catalysts demonstrated a similar TPR profile, while the first main peak of the reduction was shifted to
higher temperatures from D1-A to D3-A. The profile resembled a CO-TPR of the Au-iron oxide system
that was reported by Pires et al. [47]. The incorporation of Cu — or rather, the amount of Cu loadings in
our samples - did not have a significant effect. In addition, no distinct peak could be observed for the
reduction of Cu, possibly due to its low loading, with the pattern being dominated by the Fe reduction
signal. Nevertheless, when the MOx domains were hollow, the reduction of the Fe, which could be
facilitated by the attachment of Au (as already shown in [22]), was indeed hindered, which is probably
due to the reduced interface that was in contact with Au and possibly due to a different strain on the
oxide. Alternatively, it can also be related to the disordered nature of the oxide in the case of hollow
MOx as it has been shown to be responsible for lowering the reducibility in other oxide based materials
[53]. Any of the above-mentioned reasons is undoubtedly indicative of an alteration in the MSI.

To cross check these issues and to study the possibility of removing O from the oxide domain, we
performed DFT calculations on a number of models characterized by an oxygen terminated facet (001)
of non-doped and Cu-doped maghemite (see Sl for details). First, the energy required for the formation
of an O vacancy from the (001) facet of the maghemite structure was calculated at different sites,
namely an O atom (a) near an octahedral cation vacancy and bound to two octahedral Fe atoms, (b)
near the Fe vacancy and bound to both octahedral and tetrahedral Fe atoms, and (c) far away from the

octahedral vacancy and bound to two octahedral sites. Additionally, the significance of Cu
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incorporation on energy for O removal in each case was studied by substituting the nearest octahedral
Fe with a Cu atom. As shown in Table 3, the presence of Cu facilitates the formation of the O vacancy
in all cases, most significantly when the vacancy is created near an octahedral Fe vacancy. A similar
effect of Cu incorporation on the reducibility and subsequent enhancement of the O mobility has also
been reported in the literature [47,54,55]. As the Cu content and its incorporation in the MOx domain
was similar in the samples, the results of the calculations show that the different reducibility across the
samples could be attributed to the presence of the octahedral Fe vacancies in the maghemite phase, a
structural motif that is missing in the hematite phase. The DFT results show how the Fe octahedral
vacancies at the surface favor the formation of the O vacancy by itself (the oxygen is more weakly
bonded near the Fe vacancy, see Table 3) or as a conduit for Cu incorporation (which also favors the O
vacancy formation). The presence of hematite, mostly in the D3 sample, could therefore decrease the

supply of favorable sites for the MOx reduction [47].

Conclusions

To summarize, we prepared a set of Au based catalysts from colloidal dumbbell-like nanostructures
which had different populations of NCs with a hollow oxide domain while maintaining a constant Au
domain size. The samples showed a decrease in CO oxidation activity by increasing the number of NCs
with a hollow oxide domain. We studied the relationship between the difference in the activity and the
differences in the structural properties of the NCs. CO-DRIFT studies highlighted a different charge
transfer when going from full to hollow oxide domains, which resulted in the decreased presence of
positively charged Au species with an increase in the fraction of the hollow oxide domain highlighting
the alteration of the MSI. On the other hand, XRD and XAFS results revealed that the oxide domain
became more disordered as the population of NCs with a hollow oxide domain increased, and a small
fraction of hematite phase appeared besides the dominant, Cu-doped, maghemite phase. It was
observed that the reducibility of the nanosized oxide support was different among the samples i.e. the
Fe oxide reduction was shifted to a higher temperature as the population of NCs with hollow oxide
domains increased. In this regard, DFT calculations showed that the different reducibility across the
samples could be attributed to the presence of the octahedral Fe vacancies in the maghemite phase, a
structural motif that is missing in the hematite phase. Furthermore, the incorporation of Cu, which
occurred in the case of maghemite but not in the case of hematite, could also facilitate the removal of O
from its neighborhood. This could, in turn, hinder the provision of O from the nanosized support.

Having the same size of the MOx domain also revealed that the MOx was not the major factor for the
16



enhancement of the activity from hollow to full MOX, hence the role of the Cu in the observed different
activities could be ruled out. However, despite all these structural changes, the similarity of the
activation energy for all samples indicated that the rate limiting step was not affected and therefore, the
lower activity in case of hollow particles might be reasonably correlated with the lower number of
active sites, i.e. the metal/oxide interfacial sites, likely induced by the different oxide morphology. This
is not an obvious result considering the documented structural differences among the samples. For this
reason, this work provides a guideline for the future development of metal-metal oxide catalytic
materials. Indeed, this work highlights the role of nanoscale oxide morphology with regards to the
catalytic properties of metal-metal oxide based catalysts, revealing that the morphological difference
only indirectly affected the catalytic activity through modifying the number of catalytically active sites.
Such a role could be highlighted thanks to the fine control of catalyst properties that was achieved

through colloidal synthesis methods, and is foreseen to stimulate further research in this direction.
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Figure 1. Typical HAADF-STEM images of the activated catalysts with the size distribution of metal (M) and metal
oxide domain (MOX) as insets. The red and green arrows show the NCs with hollow and full oxide domains, respectively;
the scale bars = 100 nm.
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Figure 2. DRIFTS spectra in the carbonyl region, recorded during the adsorption of CO at room temperature using
0.25% v/v CO in He as a probe gas after an oxidizing pretreatment in 6% v/v O2 in He, at 350 °C for 1 h.
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Figure 3. Kinetic data measured from the catalysts. Experimental conditions: CO = 1% v/v; Oz = 6% v/v; WHSV=
24°000°000 Ncc/h/g(Au).
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Figure 4. Comparison of the X-ray diffraction (XRD) patterns for the calcined AuCu/FeOx dumbbell NCs. Experimental
data are compared with the Inorganic Crystal Structure Database (ICSD) patterns.
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Figure 5. The magnitude of the Fourier transforms of the k>-weighted EXAFS function for the activated catalysts at

different edges of (a) Au-Ls, (b) Cu-K and (c) Fe-K. The scattered points are the experimental data while the solid lines
represent the fitted profiles.
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Figure 6. The comparison of CO-TPR profiles on the activated catalysts. Experimental conditions: CO = 1% v/v balance
He with the flow of 40 Ncc/min.
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Scheme 1. The schematic illustration of different batches of activated catalysts having an increasing population of
dumbbell-like NCs with oxide domain from a to c. The yellow circles represents the metal (M) domain while the brown
circles represent the metal oxide (MOx) domains. The hollow oxide domains are illustrated with the same color but are
more transparent (the population ratio is only schematic and does not represents the actual ratio). The gray sheet is the

alumina support used as an inert carrier for the NCs.
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Scheme 2. A schematic illustration of the synthesis procedure that was used to prepare nanodumbbell-like

heterostructures.
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Table 1. Results of ICP-OES on the elemental loadings of the catalysts in terms of wt.%.

Sample Tag Au loading (%) | Cu loading (%) | Fe loading (%0)
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Table 2. Results of XRD analyses: crystallite sizes and phase quantification.

Sample | Crystallite Size (nm) Phase Quantification from RIR (%0)
Au Maghemite Au Maghemite | Hematite Au/Fe (molar)
D1-A 5.8 135 20.8 79.2 — 0.45
D2-A 5.7 11.7 24.1 75.9 — 0.56
D3-A" 5.3 13.2 275 554 17.1 0.69*

* for this sample, the quantification was performed considering both maghemite and hematite phases.
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Table 3. Formation energy of an oxygen vacancy by the removal of an O atom: (a) near an octahedral cation vacancy and
bound to two Fe octahedral sites, (b) near the Fe vacancy and bound to both octahedral and tetrahedral Fe atoms, and (c) far
away from the octahedral vacancy and bound to two octahedral Fe sites.

Eformation * (EV)
Case _ i
Without Cu With Cu
@ 0.32 -0.15
(b) 1.66 1.49
(c) 2.22 1.75

* see S| for the details of calculations.

31



