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Stable mass-selected AuTiOx nanoparticles
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Stability under reactive conditions poses a common challenge for cluster- and nanoparticle-based

catalysts. Since the catalytic properties of o5 nm gold nanoparticles were first uncovered, optimizing

their stability at elevated temperatures for CO oxidation has been a central theme. Here we report direct

observations of improved stability of AuTiOx alloy nanoparticles for CO oxidation compared with pure

Au nanoparticles on TiO2. The nanoparticles were synthesized using a magnetron sputtering, gas-phase

aggregation cluster source, size-selected using a lateral time-of-flight mass filter and deposited onto

TiO2-coated micro-reactors for thermocatalytic activity measurements of CO oxidation. The AuTiOx

nanoparticles exhibited improved stability at elevated temperatures, which is attributed to a self-

anchoring interaction with the TiO2 substrate. The structure of the AuTiOx nanoparticles was also

investigated in detail using ion scattering spectroscopy, X-ray photoelectron spectroscopy, and

transmission electron microscopy. The measurements showed that the alloyed nanoparticles exhibited a

core–shell structure with an Au core surrounded by an AuTiOx shell. The structure of these alloy nano-

particles appeared stable even at temperatures up to 320 1C under reactive conditions, for more than

140 hours. The work presented confirms the possibility of tuning catalytic activity and stability via nano-

particle alloying and self-anchoring on TiO2 substrates, and highlights the importance of complementary

characterization techniques to investigate and optimize nanoparticle catalyst designs of this nature.

Introduction

Improving catalyst stability is a central challenge for many
thermal and electrocatalytic processes which could play a key
role in the transition to more sustainable production of fuels
and chemicals in the future.1–4 A catalyst in the form of
nanoparticles or clusters bound to a support can deactivate,
for example due to sintering over time, in a reactive
environment.5–7 From a research perspective, the change in
structure of the catalyst during reaction can make it difficult to

relate the ex situ properties to the in situ catalytic performance.
More practically, poor stability limits the relevance of an
otherwise active catalyst for commercial use. Understanding
fundamental ways to stabilize active metal nanoparticles prone
to sintering can therefore have a wide-ranging impact.8,9

Gold (Au) nanoparticles have long been of high importance
in catalysis research, and are still of interest for a wealth of
reactions including oxidation of alcohols, selective hydrogena-
tion reactions and CO2 electroreduction.10–12 Since the catalytic
activity at�70 1C of 3–5 nm Au nanoparticles on oxide supports
for CO oxidation was first shown by M. Haruta et al. in 1987,13

this system has been widely studied. CO oxidation on sup-
ported Au nanoparticles is a large research area spanning
over topics including size studies,14–17 promotional effects of
water,18–21 and extensive investigations on the influence of the
oxide support.22–25 One of the most studied supports is TiO2,
which exhibits poor activity on its own. However, when com-
bined with Au nanoparticles, the resulting Au/TiO2 composite
exhibits a high activity for CO oxidation.10,14 In 2011, T. Fujitani
and I. Nakamura showed that the active site for CO oxidation is
located at the perimeter between the Au nanoparticles and the
TiO2 support at lower temperatures, while at temperatures
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4320 K, the reaction may take place on the Au nanoparticle
surface itself.20 While the catalytic activity of Au nanoparticles
on TiO2 is promising, industrial applications are limited due to
the lack of stability over appreciable time periods.26 Compared
to other noble metals, Au has a high chemical stability, but
suffers from poor thermal stability which causes sintering,
especially for smaller cluster sizes at elevated temperatures.24

A focus has emerged on improving the stability of Au
nanoparticles while maintaining their activity.22 Approaches
mainly involve modifying the support to influence its inter-
action with the Au nanoparticles or changing the nanoparticle
structure itself. Several attempts have been made to modify the
oxide support to achieve more stable Au nanoparticles. For
example, W. Goodman et al. showed that Au nanoparticles on a
SiO2 surface doped with Ti were less prone to sintering at 850 K
than without the Ti present.27 Recently, several studies have
emerged on the encapsulation of Au nanoparticles as a result of
different treatments of the TiO2 support, which leads to
enhanced stability for CO oxidation.28,29 Similar work has also
been shown for other metals on reducible oxide supports.30

J. Wang et al. describe in detail the permeability of the TiO2 as a
factor for increasing the activity,29 and T. Zhang et al. suggest
that metal-promoted oxygen vacancy formation in the oxide
overlayer can also contribute to an enhanced activity.28

The structure of the nanoparticles themselves can also be
tuned to improve their stability, for example using ligands26 or
through alloying with another metal within the nanoparticle.31

In 2018, some of the authors on this paper observed that Au
could be stabilized by depositing AuTi alloy nanoparticles on a
SiO2 support; decreased sintering was observed, compared with
pure Au nanoparticles, under electron beam radiation.32

Spectroscopy measurements before and after heating the sam-
ple at 100 1C in 1 bar of O2 and CO gas showed that a
segregation process took place, where more Ti was drawn
towards the surface of the cluster, but Au atoms were still
present on the surface, making this alloy form an interesting
possibility for stabilizing the catalyst. Cluster beam synthesis
by gas aggregation, prior to mass-selection, allows a measure of
control of the aggregation parameters, which can be used to
tune the structural composition (as well as size) of bimetallic
alloy nanoparticles,33 making these techniques highly suitable
for investigating the phenomena described.

In general, alterations of the support and/or nanoparticle
structure leads to changes in the local atomic environment
surrounding the Au atoms, and hence will affect not only the
stability, but also the activity of the catalyst. With emerging
approaches to stabilizing Au clusters, it is important that the
catalytic performance of these systems is also directly investi-
gated, to test stability and activity under relevant conditions.

In this work, alloy nanoparticles from an Au/Ti alloy target
are demonstrated to exhibit an enhanced stability for CO
oxidation compared to pure Au nanoparticles, on TiO2.
Through a combination of activity tests, spectroscopy, and
microscopy methods, the alloy nanoparticles are investigated in
detail and are shown to exhibit a reduced mobility and sintering
under reactive conditions compared to Au nanoparticles. The

nanoparticle structure is shown to consist of an Au core sur-
rounded by an AuTiOx alloy shell. The TiOx in the shell is believed
to aid in the anchoring of the nanoparticles and hence improve
the catalyst stability. The core–shell structure is furthermore
observed to be maintained after reaction, and under reactive
conditions on a silicon nitride (SiNx) support. The results indicate
that alloying Au with Ti directly within the nanoparticles can
facilitate this anchoring effect while maintaining activity for CO
oxidation. The work thus provides a demonstration that alloying
of a reactive metal within noble metal nanoparticles can provide a
useful tool for stabilizing active catalyst materials during reaction.

Experimental
Substrate preparation

The nanoparticles were deposited onto TiO2-coated state-of-the-
art m-reactors34 for the thermal activity tests and onto SiNx FEI
NanoEx MEMS heater chips35 for transmission electron micro-
scopy (TEM) measurements. The MEMS heaters were loaded
directly into the cluster source UHV chamber before nanopar-
ticle deposition and received no treatment before deposition.
The m-reactors, consisting of a thermally grown SiO2 layer on
top of Si, were first wiped with ethanol and then dried using a
CO2 blower. They were then mounted into a magnetron sput-
tering system with a base pressure in the low 10�8 mbar region.
A B50 nm TiO2 substrate was deposited using reactive DC
sputtering of metallic Ti (AJA International, purity 99.995%) at
room temperature (Ar/O2 = 60/6 sccm, 120 W). The chamber
pressure during all the depositions was kept constant at 5 mTorr
while rotating the sample stage to obtain a more homogeneous
film. Subsequently, the TiO2 coated m-reactors were loaded into
the cluster source UHV chamber and cleaned with Ar+ sputtering
in 10�6 mbar Ar with 1.5 keV, 10 mA emission and a measured
sample current of 10�6 A for 20 min. The XPS measurements of
the AuTiOx nanoparticles were carried out on a SiO2 m-reactor
with no TiO2 coating which also received the Ar+ sputtering
procedure before nanoparticle deposition.

Nanoparticle synthesis

Nanoparticles were produced and deposited using a cluster
beam source (UHV Nano-beam 2011 cluster source) from
Birmingham Instruments Ltd, based on the design of some
of the authors on this paper.36 Au nanoparticles of mass 56k
amu were deposited from an Au metal sputter target (AJA
International, purity 99.99%) and AuTi nanoparticles of mass
160k amu were deposited from an Au/Ti mixed alloy target with
At% ratio 50/50. The nanoparticles were formed via magnetron
sputtering of the metal target followed by cluster growth in an
aggregation zone with Ar and He gases present. Mass selection
(by mass-to-charge ratio) was carried out using a lateral time-of-
flight mass filter.37 The mass filter resolution was m/Dm = 20.
During deposition, the substrates were rastered in a uniform
manner in front of the beam to achieve an even coverage, and
the deposition current was monitored to achieve the desired
coverage (5% projected coverage for the m-reactors and 2%
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coverage for the TEM chips). A bias was applied to the sample
to ensure soft landing38 of the nanoparticles (0.03–0.17 eV
per atom).

Catalyst loading and amount of Au

Au nanoparticle deposition: deposition of 5% coverage of
56 000 � 2800 amu nanoparticles. This corresponds to particles
with 280 � 10 atoms, or a particle diameter of 2.09 � 0.04 nm.
The equivalent mass loading of Au is 135 � 7 ng cm�2. AuTi
nanoparticle deposition: 5% coverage of 160 000 � 8000 amu
nanoparticles. The Au/Ti alloy target consists of a 50/50 at%,
meaning that we expect particles with 660 � 40 atoms of each
metal, or a particle diameter of 3.49 � 0.06 nm assuming a
density of 11.91 g cm�3 (average of Au and Ti). The equivalent
mass loading of AuTi is 139 � 7 ng cm�2 (5.23 � 1011

nanoparticles per cm2). If an Au nanoparticle consisted of
660 � 40 atoms, its size would be 2.77 � 0.06 nm. With the
same number of nanoparticles per cm2, this is equivalent to a
mass loading of Au of 113 � 7 ng cm�2. Measured Au core in
TEM: the core size in the AuTi nanoparticles is measured to be
2.1 � 0.2 nm in TEM. This corresponds to a mass of 60 000 �
20 000 amu, or 300� 100 Au atoms, which only accounts for 50�
20% of the Au in the alloy nanoparticles if their At% is 50/50.
Values used for calculations: Au atomic mass 197 amu, Ti atomic
mass 48 amu, Au density 19.32 g cm�3, Ti density 4.5 g cm�3.

Ion scattering spectroscopy and X-ray photoelectron
spectroscopy

The surfaces before and after nanoparticle deposition, as well
as after activity tests, were characterized in the same UHV
chamber as the cluster source using survey scans of ISS with
He+ ions, using 1 keV acceleration voltage, 1 mA emission
current, and a He pressure of 5 � 10�8 mbar. Due to the high
cross-section for neutralization of the ions below the first
atomic layer in the sample surface, the signal detected arises
mainly from the outermost layer of the sample surface, and
therefore the probing depth of the ISS technique is expected to
be only 1 atomic layer. The Au and Ti atomic percentage
concentrations in the AuTiOx nanoparticles were investigated
by depositing the AuTi nanoparticles onto a blank reference m-
reactor (surface terminated by 50 nm thermally grown SiO2).
After deposition, the m-reactor was transported to a different
UHV chamber and measured using a monochromatic Al Ka
X-ray source (1486.68 eV). The survey spectrum and details of
the Au and Ti peak fittings, as well as an analysis of the probing
depth and signal intensity, are given in ESI† S4.

Scanning electron microscopy

The surface of the TiO2-coated m-reactors with Au and AuTiOx

nanoparticles was studied by SEM using a Thermo Scientific
Helios 5 Hydra UX PFIB microscope operating at an accelera-
tion voltage of 5 kV, a current of 0.20 nA, and using a Through
the Lens Detector (TLD) in immersion mode. The images were
acquired with a magnification equivalent to an image pixel size
ranging from 0.62 nm to 0.83 nm. The probe size at optimal
focus conditions was estimated to be around 1 nm. Post-

reaction SEM images were taken after opening the m-reactors
using a dicing saw Disco DAD 321.

Transmission electron microscopy

The nanoparticles were examined using an FEI Titan ETEM.39 The
microscope was operated at 300 kV in high-resolution transmis-
sion electron microscopy (HRTEM) mode with the spherical
aberration coefficient for the objective lens in TEM mode set to
approximately �10 mm in its corrected state. Images were
acquired at a detector-incident dose-rate below 60 e� Å�2 s�1

using a Gatan K3 IS camera in counting mode. HRTEM images
were acquired of samples during exposure to a gas mixture of
2 mbar O2 and 1 mbar CO and elevated temperatures of 100 1C,
200 1C, 300 1C, and 400 1C (Fig. S16, ESI†). The micrographs were
acquired from primary areas, which were consecutively exposed to
the electron beam, and from reference areas which were prior to
the image acquisition unexposed to the electron beam at earlier
stages of the experiment (see ESI† Sections S8–S10). Each dis-
played micrograph represents a total exposure of 5 seconds and
was obtained by acquiring 4 HRTEM images per second followed
by band-pass filtered drift-alignment of the images and subse-
quent summation.

CO oxidation measurements

Activity measurements were conducted in state-of-the-art
m-reactors (Fig. S24, ESI†). This system has a total reaction
volume of B240 nL and gas flows in the order of magnitude of
nmol s�1. All the gases that enter the reactive area flow directly
to the mass spectrometer without any dilution/carrier gas,
allowing for an extremely sensitive product detection. On the
back side, a 50 nm platinum thin film is used to control
the temperature through resistive heating and a resistance
temperature detector. Temperature was also measured with a
thermocouple on the Pyrex lid area on top of the reactive
surface.

The m-reactors were sealed via anodic bonding40 (Fig. S25,
ESI†). The reactive surface contains pillar structures to prevent
the Pyrex lid from collapsing during bonding. Right after
nanoparticle deposition, the surface of the m-reactors were
cleaned with ethanol (avoiding the deposition area) and dried
with a CO2 blower. After applying a thin layer of thermal paste
(Dow Corning 340) on the ‘‘cold finger’’, the m-reactors and a
Pyrex lid were pressed together between the Cu anode and
Al cathode. A potential of 1 kV was applied using an (Impo
Electronic) power supply and a temperature of 360 1C was
reached by applying 25 V to (Philips 7748XHP) heating lamps.
The circular reactor area itself was aligned with the ‘‘cold
finger’’, which allows cooling to temperatures below
B120 1C. After 1 hour, the m-reactor and the Pyrex lid resulted
in a permanent sealing.

The catalysts were exposed to a constant inlet flow of
B25 nmol min�1 (CO : O2 : Ar = 1 : 2 : 0.5) at P = 1 bar. Ar was
used as a control gas. Temperature ramps (up to 250 1C and
320 1C for Au and AuTi, respectively) of 4 1C min�1 with 1 h
steps every 15 1C were performed to check the catalyst relative
activity and stability at different conditions. The products were
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measured with a Pfeiffer vacuum QMG 422 Quadrupole Mass
Spectrometer (QMS), using an ionization energy of 70 eV (SEM
voltage = 1850 V, emission current = 0.1 mA). The signal from
the QMS was converted to moles/second after baratron calibra-
tion (see ESI† Section S12).

Results and discussion
Au and AuTiOx nanoparticles

Nanoparticles were deposited onto TiO2-coated m-reactors using
an ultra-high vacuum (UHV)-based gas-aggregation cluster
source, and mass-selected using a time-of-flight mass filter.
Au nanoparticles of mass 56k amu were made from a pure Au
sputter target and alloy nanoparticles of mass 160k amu were
made from an Au/Ti sputter target with an At% ratio of 50/50.
The two sputter targets used for each sample type are illustrated
in Fig. 1a. The samples were produced with the same nano-
particle coverage of 5% of the sample surface. Characterization
of the sample surface using ion scattering spectroscopy (ISS)
before and after the nanoparticle deposition is shown in
Fig. 1b, for the samples prior to air exposure. The ISS data
show the TiO2 substrate before and after deposition, as well as
an Au signal which becomes present after the deposition of the
nanoparticles. The Au signal which originates from the outer-
most atomic layer of the nanoparticles produced from the alloy
target is significantly smaller than the signal from the sample
with pure Au nanoparticles. This suggests the outer surface of
the nanoparticles contains a reduced amount of Au. These
observations agree with the previous report on SiO2,32 where
nanoparticles from the Au/Ti target were shown to undergo a

segregation process with Au concentrated at the center of the
nanoparticles, and Ti drawn to the surface of the nanoparticles.

After removing the sample from UHV conditions, it is
expected that an oxidation of the Ti will take place, which
may draw more Ti towards the nanoparticle surface, as indi-
cated in Fig. 1c. The nanoparticles from the Au/Ti sputter target
are therefore given the label AuTiOx. To investigate the struc-
ture of the AuTiOx nanoparticles further, they were also depos-
ited onto SiNx FEI NanoEx MEMS heater chips35 for high-
resolution transmission electron microscopy (HRTEM) ima-
ging, and onto a SiO2 support for analysis by X-ray photoelec-
tron spectroscopy (XPS). Fig. 2 shows a HRTEM image of the
AuTiOx nanoparticles. The image reveals circular dark-contrast
features surrounded by bright-contrast rims. A series of con-
secutive HRTEM images shows that the projected width of the
bright rim is focus dependent and can be suppressed as
defocus approaches zero (details in ESI† Section S1). As the
focus approaches zero the dark circular features display lattice
fringes matching FCC Au, suggesting that the dark features are
a projection of a crystalline Au core. The projected diameter of
the core is on average 2.1 � 0.2 nm (details in ESI† Section S2).

Assuming that the alloyed nanoparticles contain a 50/50
At% according to the composition of the sputter target, the
measured Au core size of 2.1 � 0.2 nm accounts for 50 � 20% of
the Au within the nanoparticles, which means the surrounding
shell is expected to contain Au atoms as well as the oxidized
TiOx. A small fraction of Au in the outer surface of the
nanoparticles also agrees with the small Au signal observed
in ISS before air exposure. A decrease in Au concentration
towards the edge has also been observed previously in measure-
ments of slightly larger AuTiOx nanoparticles (5.5 nm) prepared
from the same target and cluster source, using scanning

Fig. 1 Au and AuTiOx nanoparticles were produced in a cluster source from the sputter targets shown in (a). The ISS spectrum before and after
deposition of the nanoparticles onto TiO2 in (b) indicate that there is only a small amount of Au in the outer surface of the alloy nanoparticles even before
the nanoparticles are exposed to air, after which a further oxidation of the Ti is also expected. (c) Illustration of the AuTiOx and Au nanoparticles once the
nanoparticles have been exposed to air. The structure of the AuTiOx nanoparticles is further studied using HRTEM and XPS.
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transmission electron microscopy (STEM) energy dispersive
X-ray spectroscopy (EDS) (details in ESI† Section S3).

To study the composition of the AuTiOx nanoparticles in
further detail, XPS of the AuTiOx nanoparticles was carried out
after air exposure as well. The Au 4f and Ti 2p peaks are shown
in Fig. 3. The Ti 2p signal shows that most of the Ti is oxidized,
as expected. The Au/Ti At% ratio over the depth probed is
estimated from the areas of the peaks, measured to be Au/Ti =
38/62. Further details on these fittings, and information on all
peak origins in the survey spectrum, are given in ESI† Section S4.
The expected signal in XPS should be considered based on the
illustration in Fig. 3a, and on the signal decay which decreases
according to exp(�x/l), where the signal intensity decays to 37%
of its value at x = l, the mean free path of the photoelectrons. In
Au for example, the photoelectrons in this study are expected to

have kinetic energy B1400 eV, which corresponds to l B 2 nm.
A detailed description of the signal decay is provided in ESI†
Section S4. Using a cylindrical approximation shows that for a
core–shell nanoparticle with an Au core of diameter 2.1 nm and
outer diameter 3.5 nm, the expected Au/Ti ratio detected would
be 25/75, if no Au was present in the shell. Therefore, the
observed ratio of 38/62 indicates the presence of Au in the shell
in addition to the core observed in TEM. While exact details
about the full nanoparticle structure cannot be inferred from
this ratio, it also indicates a larger fraction of TiOx compared to
Au in the outer shell of the nanoparticles, which further supports
the separated core–shell structure. The structure is therefore
predicted to resemble a core–shell with an Au core, surrounded
by a shell with an AuTiOx alloy.

CO oxidation performance

To compare the stability of the Au and AuTiOx nanoparticles for
CO oxidation, a size of 2.1 nm (56k amu) was selected for the
reference sample of Au nanoparticles, to match the Au core size
measured in the AuTiOx nanoparticles. Both types of nano-
particles were deposited onto TiO2-coated state-of-the-art
m-reactors with a projected area coverage of 5%. After air
exposure and sealing by anodic bonding (see Methods), the
high product-sensitivity m-reactors were placed in a pumped-
down containment volume (B10–1 mbar) to avoid atmospheric
contamination. The outlet flow was analyzed without any
dilution and in real-time using a quadrupole mass spectro-
meter (QMS). Initially, all samples underwent a minimum of
two temperature ramps up to 250 1C and 320 1C for Au
and AuTiOx, respectively. Subsequently, a TOS experiment
424 hours was conducted to evaluate the long-term stability
of the nanoparticles. The complete raw data can be found in
ESI† Section S5.

Fig. 4a–c illustrates the raw CO oxidation activity perfor-
mance of Au and AuTiOx nanoparticles at various temperatures.
Since both samples were deposited with a 5% nanoparticle
coverage, the amount of Au atoms in the two samples is
different. For the pure Au nanoparticles, the loading of Au is
135 � 7 ng cm�2, and for the AuTiOx nanoparticles, the loading
of Au can be estimated to be 113 � 7 ng cm�2 based on the
assumption that Au makes up half of the atoms in the alloyed
nanoparticles, according to the composition of the sputter
target (further details given in the methods section). At tem-
peratures o170 1C, pure Au nanoparticles exhibited a higher
CO2 signal compared to the AuTiOx samples. This is expected
due to the higher number of exposed active Au sites in the Au
sample.

The difference in stability between the two systems becomes
evident when observing the produced CO2 in relation to the
steady-state temperature. In the case of Au systems, as depicted
in Fig. 4a, the CO2 signal exhibits a declining trend at each
temperature step. This deactivation process initiates at tem-
peratures as low as 50 1C and is particularly rapid within the
first B20 minutes of each step. However, once full conversion
is achieved at approximately 200 1C, the deactivation seems less
pronounced likely due to the high turnover frequencies on the

Fig. 2 HRTEM image of AuTiOx nanoparticles on SiNx chips, after air
exposure. The images reveal a core–shell structure with an Au core of
size 2.1 � 0.2 nm. Image pixel size: 0.074 nm per pixel.

Fig. 3 XPS of the AuTiOx nanoparticles on a SiO2 substrate. (a) Illustration
of the estimated thickness of the shell. The XPS signal will arise mainly due
to the outermost layers in the shell. (b) Au 4f and (c) Ti 2p peaks in XPS,
giving an At% of Au/TiO2 of 38/62 in the outer shell layers.
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Au sites at these temperatures. The deactivation behavior is
indicative of the high instability of Au nanoparticles supported
on TiO2, even at mild conditions. The same deactivation is not
observed for the AuTiOx nanoparticles when treated under
similar experimental conditions. In Fig. 4b, the nanoparticles
were exposed to temperatures up to 320 1C in order to reach full
conversion. In addition, even after 4200 hours of reaction at

temperatures up to 300 1C there was no sign of activity loss
(Fig. 4c). This increased stability is thought to be caused by a
strong self-anchoring effect of the AuTiOx shell with the under-
lying TiO2 support.29

In Fig. 4d and e, a 424-hour time-on-stream experiment was
conducted for both Au and AuTiOx systems to evaluate deacti-
vation rates. A temperature of 170 1C was selected to investigate

Fig. 4 Catalytic activity vs. temperature and stability performance of the Au and AuTiOx nanoparticles. Catalytic activity temperature dependance of (a)
Au and (b) and (c) AuTiOx nanoparticles on the TiO2 support. (b) and (c) Show data from different AuTiOx samples. In the regions highlighted in red, the m-
reactor was pumped down to remove all the gases, the data are therefore to be disregarded. Each temperature was held for 1 hour before ramping to the
next step. The Au nanoparticles exhibit a deactivation behavior which is not observed for the AuTiOx nanoparticles. 424-hour long-term stability testing
of (d) Au nanoparticles (e) AuTiOx nanoparticles on the TiO2 support. The TOF for the AuTiOx nanoparticles in (e) was normalized by the Au weight loading
in the alloy nanoparticles. The yellow dots represent the raw data, which are then averaged and result in the green line. Before (d) the same Au sample
underwent 2 temperature ramps up to 200 and 250 1C. Before (e) the same AuTiOx sample underwent 3 temperature ramps of which 1 to 250 1C and 2
up to 320 1C. There is a significant difference in the stability performance of the samples over the 424-hour period. All the experiments were conducted
at 1 bar with an inlet flow of 2 : 1 O2 : CO + Ar as control gas.
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the sintering of Au nanoparticles but avoiding full conversion
conditions. Conversely, the AuTiOx temperature was set at
200 1C to approximately match the turnover frequency (TOF)
of Au nanoparticles (exposing the particles to similar gases
partial pressures), and to compare the stability at harsher
conditions. The data in Fig. 4d and e have been normalized
by the weight loading of Au. However, the TOF for the Au
nanoparticles is still approximately 3 times higher compared to
the AuTiOx nanoparticles. This is likely owing to the lower
amount of exposed Au atoms in the AuTiOx nanoparticles due
to their core–shell structure.

It should also be emphasized that the experiments were
performed on catalysts that had already undergone at least two
temperature ramps. Consequently, sintering and surface rear-
rangement had already partially occurred (Fig. S12, ESI†).
Nevertheless, the long time-on-stream experiment evidences a
distinct disparity between the two catalysts: despite being more
active, Au nanoparticles exhibit a decreasing trend in CO2

signal, indicating a progressive reduction in exposed Au surface
area, potentially due to sintering. In contrast, the AuTiOx

nanoparticles displayed an increasing trend, as observed in
the temperature ramp of Fig. 4b. As described, the as-
synthesized AuTiOx nanoparticles were observed to consist of
an Au core overlayed by an AuTiOx shell. The small signal of the
AuTiOx nanoparticles at low temperatures can likely be attrib-
uted to the fact that there is only a small number of Au atoms in
the surface of the shell, which is otherwise mostly composed of
TiOx that by itself is inactive for CO oxidation. At higher
temperatures, the AuTiOx nanoparticles in Fig. 4b and c are
characterized by an increase over time in the CO oxidation rate
at each temperature step.

A hypothesis to explain the observed increase in CO produc-
tion over time by the AuTiOx nanoparticles could be derived
from the activation time scale. In Fig. 4c–e, after a rapid initial
increase, the CO2 TOF keeps increasing linearly for several
hours. The initial rise speed seems to be directly proportional
to the temperature, reaching a linear increase zone faster at
higher temperatures (Fig. S11, ESI†). A suggested mechanism to
explain this could be based on thermally enhanced mobility or

diffusion of Au atoms into the TiOx shell, similar to what has
been observed for Ni–Au core–shell structures.41,42 This pro-
gressive migration could cause the exposure of more Au atoms
on the surface, thereby enhancing the CO oxidation perfor-
mance. The migration process may arise from an equilibrium
between the segregated core–shell structure and alloyed
AuTiOx, which could depend on the temperature and surface
adsorbates.43 Notably, the structural changes appear to be
partially reversible, as evidenced by the similar activation
behavior observed during each temperature ramp in Fig. 4c.
Since a migration would be kinetically limited, after leaving the
AuTiOx m-reactor at high temperature for long time (410 h) and
subsequently ramping the temperature down and up again, the
activity would be expected to remain similar, and not undergo
the same activation. In Fig. 4c this trend seems to be observed:
in the fifth temperature ramp at 300 1C, the sample shows
activities that are slightly higher than the ones in the fourth
ramp, possibly suggesting an incomplete migration of Au
atoms in the nanoparticle core. Another observation which
could be explained by a migration mechanism is the sudden
increase in activity to full conversion after B17 h. This could
indicate the moment when the surface is filled with Au sites,
and therefore most active for CO oxidation.

An alternative and perhaps complementary phenomenon
could entail the diffusion of CO and O2 molecules through a
porous shell toward the Au core, followed by CO oxidation and
out-diffusion of CO2. At approximately 170 1C, a substantial
increase in the QMS CO2 signal could suggest accelerated
diffusion of CO, O2, and CO2. This increase is particularly
pronounced until around 250 1C, beyond which it becomes
less evident, indicating that the process might no longer be
limited by diffusion. Diffusion of reactant gases through shell
layers has previously been studied by Y. Yin et al. in 2013.44 In
their study, the authors designed stable nanostructured mate-
rials by encapsulating them in shells of metal oxides (e.g., TiO2)
and making them porous by ‘‘surface-protected etching’’. A
similar mechanism was proposed by J. Wang et al.29 However,
in both studies a different synthesis technique was used
(‘‘surface-protected etching’’ and melamine induced permeable

Fig. 5 Sintering after catalytic testing was observed to be more severe for the Au nanoparticles. SEM images of the (a) Au and (b) AuTiOx nanoparticles
on the m-reactors before and after reaction. All SEM images were taken with a TLD secondary electron detector with a beam acceleration voltage of 5 kV.
Images pixel size: 0.68 nm (a, before), 0.62 nm (a, after), 0.83 nm (b, before), 0.62 nm (b, after). More images at different magnifications are available in
ESI† Section S6.
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TiOx, respectively), and the AuTiOx nanoparticles were an order
of magnitude larger than the nanoparticles in this work,
making the comparison difficult. Moreover, such a diffusive
mechanism would not explain why the catalyst remains more
active after consecutive ramps (Fig. 4c) nor the reason behind
the linear increase in activity. A combination of the two
phenomena could therefore be at play, but more experiments
would be necessary to investigate the mechanism responsible
for the increase in catalytic activity.

Structure of the nanoparticles after reaction

The observed deactivation behavior of the Au nanoparticles is
suspected to be caused by sintering effects. To investigate
potential differences in sintering between the samples, SEM
images of the m-reactors were acquired before and after the
reaction tests. The results are shown in Fig. 5. The Au sample
underwent 3 temperature ramps at 200–250 1C and one 24 h
stability test at 200 1C. The AuTiOx samples were instead
exposed to harsher conditions: 4 temperature ramps to 250–
320 1C and one 4100 h stability test at temperatures up to
300 1C. The resolution of the SEM images is limited owing to
the non-conductive substrate (50 nm of TiO2 on top of 50 nm of
SiO2 on 350 mm of Si). However, significant sintering was
observed for the Au sample (shown in Fig. 5a) before and after
reaction, where the average particle size was observed to have
increased to 7.6 � 0.7 nm after reaction. Details on the SEM
size measurements are described in ESI† Section S6. Some
degree of sintering can already be seen before the reaction,
and after the reaction it is significantly more pronounced. It
should be noted that the particle size after reaction being
calculated from the SEM image might lead to a mild over-
estimation due to edge blurring which makes smaller

nanoparticles hard to resolve. However, the increase in average
nanoparticle size for the Au sample is clear. The higher amount
of Au particles on the surface after reaction is also indicative of
sintering, as more particles become big enough to be resolved
with SEM compared to before.

Despite the harsher conditions at which the AuTiOx samples
were exposed, the nanoparticles showed a remarkable stability
throughout all the catalytic experiments. In the post reaction
SEM picture shown in Fig. 5b, the nanoparticles are compar-
able in size to the image taken before reaction (inset), and
evidently smaller compared to the equivalent image for the Au
system. The AuTiOx sample shows a narrow particle size dis-
tribution, except for minor sintering in some parts of the m-
reactor surface (Fig. S14, ESI†). The possibility of obtaining a
good focus on both the nanoparticles and the TiO2 substrate
may further indicate a small and narrow nanoparticle size
distribution. The SEM image quality was not high enough to
extrapolate an accurate particle size distribution, therefore, the
increased stability was observed qualitatively by the absence of
bigger particles post-reaction (as in the Au nanoparticles case).

To study the Au distribution in the AuTiOx nanoparticles
after reaction, the m-reactor sample with demonstrated activity
performance in Fig. 4c was also opened after the activity tests
and loaded back into the cluster source chamber to study the
nanoparticle structure with ISS depth profiling experiments.
The same settings as the post-deposition ISS were used and
survey scans were run continuously to achieve a gradual sput-
tering of the surface. Fig. 6 shows the ISS spectra at various
cycle numbers, as well as a comparison to the spectrum from
before the activity measurements (black spectrum in Fig. 6a).
The intensity has been normalized to the Ti peak for all spectra
to allow a comparison of how the Au/Ti ratio changes through

Fig. 6 ISS sputter profile of the AuTiOx nanoparticles on the TiO2 substrate after the activity tests. Before the ISS measurement, the nanoparticles were
exposed to air when opening the m-reactors after activity tests. (a) Survey spectra at various sputter depths (1 keV, 1 mA emission current). The black
spectrum in (a) shows the reference spectrum from before activity tests. The other spectra from blue (10 cycles) to yellow (190 cycles) show the ISS
spectra at every 20 ISS cycles for the sample after activity tests. All spectra have been normalized such that the Ti peak corresponds to a relative intensity
of 1, to make them comparable. The inset in (a) shows a zoomed focus on how the Au signal (relative to Ti) changes with the sputter depth. It shows that
the Au signal before activity tests (black) is comparable to the signal subsequent to activity tests after the first 10 cycles (marked *). To make the Au signal
variation with sputter depth easier to interpret, the Au part of the spectrum has been plotted with a waterfall plot in (b). The figure shows that the Au signal
first increases, and then after about 130 cycles starts to decrease again, suggesting that the Au concentration still gradually increases from the surface of
the nanoparticles towards the center after activity tests.
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the cycles. It should be noted that after the sample has been
exposed to air, the first ISS cycles show only a broad back-
ground signal until the layer of surface adsorbates from the air
exposure are removed, so these data have been omitted in
Fig. 6, but are shown for reference in ESI† Section S7.

The Au signal before activity measurements is comparable to
the Au signal observed after the first 10 cycles, suggesting that the
amount of Au in the outer surface of the nanoparticles is similar
to before the activity tests. Furthermore, in Fig. 6b, the variation in
the Au signal is shown at intervals of 20 cycles up to 190 cycles.
The Au signal undergoes a steady increase with the sputter depth,
suggesting that a nanoparticle structure with an increasing
amount of Au towards the center of the nanoparticles is still
intact after activity measurements. This observation therefore
confirms that the core–shell structure is maintained after the
reaction and supports the discussed hypotheses related to the
possible activation mechanisms during reaction.

Stability under reactive conditions in TEM

To further characterize the structural stability, the Au and AuTiOx

nanoparticles were deposited onto SiNx FEI NanoEx MEMS heater
chips35 and examined separately by HRTEM during exposure to 2
mbar O2 and 1 mbar CO at elevated temperatures, as outlined in
the ESI† Section S8. HRTEM images were acquired in an ‘‘inter-
mittent’’ way at different locations that were previously unexposed
to the electron beam at earlier stages of the experiment. This
imaging approach suppressed contamination that was observed
to accumulate in the AuTiOx experiment for specific areas that
were consecutively irradiated for prolonged periods during expo-
sure to the reaction environment (details in ESI† Section S9).

Fig. 7 shows HRTEM images of the Au and AuTiOx nano-
particles acquired during exposure to the CO oxidation reaction

environments at elevated temperatures. Specifically, Fig. 7a–d
show dark circular features with diameters of B2.1 nm
matching the average diameter of Au clusters exiting the cluster
source (Fig. S6, ESI†). At the lowest temperatures of 100 1C and
200 1C, visual inspection indicates that coverage, size, and shape of
the nanoparticles appear similar (Fig. 7a and b). At 250 1C, a
brighter contrast feature (track) is associated with a few of the
nanoparticles (Fig. 7c) and at 400 1C almost all nanoparticles are
associated with such tracks. Moreover, Fig. S22 (ESI†) shows tracks
extending beyond an edge termination of the SiNx support. These
findings suggest that the tracks reflect filamentous materials
growing between the Au nanoparticle surfaces and the SiNx

support. In this view, irregular filamentous structures in arbitrary
3D orientations can in part explain the various shapes of the tracks
observed in the two-dimensional projection geometry of HRTEM
imaging. HRTEM images acquired near zero defocus show lattice
fringes in the filaments indicating that they are crystalline (Fig.
S23, ESI†). Based on the crystallinity and distinct contrast of the
filament, it is likely a material phase different from both support
and nanoparticles. Further analysis is not pursued here. However,
it is noted that similar filament growths have previously been
reported for metal nanoparticles supported on MgO.45

Fig. 7e–h show HRTEM images of the AuTiOx particles acquired
similarly in situ under exposure to the CO oxidation reaction
conditions at variable temperatures. The images reveal that the
projected shape and size of the majority of the nanoparticles
remained constant. While several of the nanoparticles appear to
be in close proximity without any structural changes in the
projected core–shell contrasts, a few nanoparticles do appear with
irregular shapes that could be due to incomplete coalescence.

The stability of the Au and AuTiOx nanoparticles differs mainly
by the interaction with the SiNx support. While the Au nanoparticles

Fig. 7 Behavior of Au and AuTiOx nanoparticles under CO oxidation conditions. HRTEM micrographs of Au nanoparticles in (a)–(d) and AuTiOx

nanoparticles in (e)–(h) acquired in situ at the indicated temperatures and during exposure to 1 mbar CO and 2 mbar O2. The individual images are
cropped from original ones taken at different locations. Image pixel size: 0.037 nm per pixel.
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create filamentous materials, AuTiOx nanoparticles suppress the
interaction with the support, suggesting that the TiOx shell acts as a
protective layer. This result extends the previous findings of reduced
STEM beam-induced sintering for AuTiOx nanoparticles in compar-
ison to Au nanoparticles when supported on SiO2.32

Conclusions

This work demonstrates that AuTiOx alloy nanoparticles on
TiO2 exhibit superior stability compared to Au nanoparticles during
CO oxidation. The AuTiOx nanoparticles were observed to have a
core–shell structure which is thought to aid the stability of the
nanoparticles through a self-anchoring effect on the TiO2 support,
similar to stabilization by encapsulation by the support.28–30 The
core–shell structure of the AuTiOx nanoparticles was observed to be
stable under reactive conditions in the electron microscope and
after activity tests using depth profiling experiments. Over time, an
increase in the CO oxidation rate was observed for the AuTiOx

system, likely due to an equilibrium between the Au/TiOx core/shell
structure and its alloyed form. Both processes would be highly
dependent on temperature, explaining the low activity at lower
temperatures for AuTiOx. Further characterization of the catalyst
structure would be needed to fully elucidate the activation mechan-
isms and structure dynamics for the system. Employing advanced
characterization techniques, such as in situ and operando spectro-
scopy (e.g., near ambient pressure-XPS, extended X-ray absorption
fine structure or electron energy loss spectroscopy) could provide
valuable insights into the dynamic evolution and chemical state of
the catalyst during and after CO oxidation reaction, gaining
information such as the real-time ratio between Au/Ti on the
outermost surface of the catalyst.20

Despite strongly improving the stability, the AuTiOx nano-
particles exhibit a decreased catalytic activity. Nevertheless, the
catalytic performance of the AuTiOx system could be further
optimized by exploring the effect of different TiO2 support phases,
varying the Au/Ti ratio or core/shell thickness, or testing other
support materials and Au nanoparticle metal alloys.31 The influ-
ence of reaction conditions, such as pressure and reactant com-
position on the nanoparticle structure should also be considered.
The findings presented complement other studies on Au–Ti(Ox)
catalysts synthesized via physical methods,28,29,32 and demon-
strate how cluster beam methods can allow for fine-tuning of
catalyst structures by enabling consistent synthesis of well-defined
nanoparticle compositions. The work also highlights the impor-
tance of obtaining an accurate characterization of the nanoparti-
cle structure in evaluating the performance. It lays the
groundwork for further research and development of alloy nano-
particle catalysts, contributing to the design of more efficient and
stable catalysts for a wide range of industrial applications.

Author contributions

Rikke Egeberg Tankard: investigation, methodology, formal ana-
lysis, writing – original draft. Filippo Romeggio: investigation,
methodology, formal analysis, writing – original draft. Stefan Kei

Akazawa: investigation, methodology, formal analysis, writing –
original draft. Alexander Krabbe: methodology. Olivia Fjord Sloth:
methodology. Niklas Mørch Secher: investigation, methodology.
Sofie Colding-Fagerholt: investigation, formal analysis. Stig
Helveg: writing – review & editing, conceptualization, resources,
supervision. Richard Palmer: writing – review & editing, concep-
tualization, resources. Christian Danvad Damsgaard: writing –
review & editing, supervision. Jakob Kibsgaard: writing – review &
editing, supervision. Ib Chorkendorff: writing – review & editing,
conceptualization, resources, supervision.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are thankful for the funding from the ERC Eur-
opean Union’s Horizon 2020 research and innovation program,
the EU Marie Skłodowska-Curie Actions-Innovative Training
Network Catchy, and the Danish National Research Foundation
(Grant no. DNRF146) which made this work possible. The
authors thank C. Wei for his assistance in acquiring the XPS
data, and J. L. Needham & K. Toudahl for their sparring and
general assistance on the cluster source. The authors thank
Sven Ullmann for support on the FEI Titan 80-300 ETEM and
J. Kryger-Baggesen for his assistance in creating the nanopar-
ticle illustrations. Topsoe A/S is acknowledged for access to its
ETEM facility. This work was supported by the Villum Fonden,
part of the Villum Center for the Science of Sustainable Fuels
and Chemicals (V-SUSTAIN grant 9455), the European Research
Council (ERC) CLUNATRA under the European Union’s Hor-
izon 2020 research and innovation program (grant agreement
no. 741860), by the European Union under the Marie Skło-
dowska-Curie Actions-Innovative Training Network Catchy
(grant agreement no. 955650), and The Center for Visualizing
Catalytic Processes (VISION) is sponsored by the Danish
National Research Foundation (Grant no. DNRF146).

Notes and references

1 J. K. Nørskov, A. Latimer and C. F. Dickens, Eds., 2019,
https://sunergy-initiative.eu/project/energy-x-research-needs-
report/.

2 Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff,
J. K. Nørskov and T. F. Jaramillo, Science, 2017, 355, eaad4998.

3 J. Kibsgaard and I. Chorkendorff, Nat. Energy, 2019, 4,
430–433.

4 R. M. Bullock, J. G. Che, L. Gagliardi, P. J. Chiri, O. K. Farh,
C. H. Hendo, C. W. Jone, J. A. Keit, J. Klosin, S. D. Mintee,
R. H. Morri, A. T. Radosevic, T. B. Rauchfus, N. A. Strotma,
A. Vojvodic, T. R. War, J. Y. Yan and Y. Surendranath,
Science, 2020, 369, eabc318.

5 M.-L. Sun, Z.-P. Hu, H.-Y. Wang, Y.-J. Suo and Z.-Y. Yuan,
ACS Catal., 2023, 13, 4719–4741.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
3 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
4/

07
/1

4 
11

:2
3:

43
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://sunergy-initiative.eu/project/energy-x-research-needs-report/
https://sunergy-initiative.eu/project/energy-x-research-needs-report/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00211c


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 9253–9263 |  9263
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