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ABSTRACT An investigation of the thermal stability of size-selected Au
nanoparticles (NPs) synthesized via inverse micelle encapsulation and deposited
on Si0,(4 nm)/Si(100) is presented. The size and mobility of individual Au NPs after
annealing at elevated temperatures in ultrahigh vacuum (UHV) was monitored via

atomic force microscopy (AFM). An enhanced thermal stability against coarsening

As prepared

1343K

and lack of NP mobility was observed up to 1343 K. In addition, a drastic decrease in the average NP height was detected with increasing annealing

temperature, which was not accompanied by the sublimation of Au atoms/clusters in UHV. The apparent decrease in the Au NP height observed is assigned

to their ability to dig vertical channels in the underlying Si0, support. More specifically, a progressive reduction in the thickness of the Si0, support

underneath and in the immediate vicinity of the NPs was evidenced, leading to NPs partially sinking into the Si0, substrate. The complete removal of silicon

oxide in small patches was observed to take place around the Au NPs after annealing at 1343 K in UHV. These results reveal a Au-assisted oxygen desorption

from the support via reverse oxygen spillover to the NPs.
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NP-support interaction

erties of small Au nanoparticles (NPs)

(<5 nm) can be controlled by modifying
their size.”” Additionally, metal—support
interactions also affect the activity and
selectivity of nanoscale Au catalysts.® "'
While NP catalysts exhibit many favorable
properties, they are prone to drastic struc-
tural/morphological changes in response to
different thermal and chemical environ-
ments.'?"'® The latter include undesired
coarsening phenomena leading to reduced
surface areas and a consequent decrease in
reactivity and change in selectivity.'”” 2’
Therefore, a thorough understanding of
the processes that affect the stability of NP
catalysts and when possible, its enhance-
ment via the selection of novel synthesis
approaches,?>?* sample pretreatments,®* or
stabilizing supports, > 3% is crucial for the
application of these systems in an industrial

I t has been shown that the catalytic prop-

setting.3>3¢
Numerous previous studies described
thermally->>23377%%  and  chemically-

induced32*2941=44 deactivation processes
of NP catalysts involving sintering. Two
pathways for NP sintering were generally
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proposed: (i) Ostwald ripening (OR), in which
atom-by-atom diffusion predominantly oc-
curs from small to large clusters,**~*” and (i)
the diffusion of entire NPs and subsequent
coalescence with other NPs.'9 223848 Sjnce
the driving force behind coarsening phe-
nomena is to reduce the surface energy of
the NPs, the tendency of a NP catalyst to
sinter strongly depends on its average size
and size distribution.** > Additionally, the
interparticle spacing also affects sintering,
with widely spaced NPs showing enhanced
stability.?>*°

Nanoparticle-support interactions play
a key role in the stabilization of nanoscale
systems under environmental conditions,
with parameters such as the chemical com-
position or reducibility of the oxide sup-
port*??® and its thickness>* having a strong
influence in NP sintering. The present work
describes the outstanding stability against
sintering of narrowly sized distributed micel-
lar Au NPs homogeneously dispersed over
SiO,(4 nm)/Si(100) substrates upon high tem-
perature thermal treatments in ultrahigh va-
cuum (UHV). The morphological evolution of
individual NPs was monitored ex situ via
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Figure 1. 3000 x 3000 nm? AFM images showing the thermal evolution of micelle-synthesized Au NPs supported on
SiO,(~4 nm)/Si(100). Allimages were acquired ex situ at RT.Image (a) was taken after the removal of the encapsulating ligands
by an O,-plasma at RT, (b) after heating in UHV at 500 K (30 min), (c) after 1000 K (30 min), and (d) after 1343 K (1 min). The inset
in each image is a zoomed image of the region marked with white rectangle.

atomic force microscopy (AFM) with the aid of a NP
tracking technique based on a substrate marker. For
our micelle-synthesized NPs, no NP mobility was de-
tected upon annealing in UHV up to 1343 K. Moreover,
low-temperature Au-assisted silicon oxide decomposi-
tion was detected, with the gold NPs digging channels
in the SiO, support. This interesting effect results in the
enhanced stability of the NPs against sintering, while a
significant fraction of the NP surface area remains
accessible to reactants. The latter makes them promis-
ing materials for catalysis and sensing applications.

RESULTS AND DISCUSSION

Figure 1 shows AFM images of a Au NP/SiO,/Si(100)
sample acquired at room temperature (RT) after the
following treatments: (a) O,-plasma (ligand removal),
(b) heating in UHV at 500K, (c) 1000 K, and (d) at 1343 K.
A reference mark at the bottom of each image allows
us to investigate the same sample region ex situ after
the different in situ treatments. Table 1 contains in-
formation on the average NP height and interparticle
distances of our sample after the annealing treatments.
The corresponding histograms are shown in Figure 2
and Supporting Information, Figure 1. After O,-plasma
exposure, a uniform arrangement of monodispersed
Au NPs (homogeneous image brightness and asso-
ciated NP height) is observed (Figure 1a). Annealing at
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TABLE 1. Summary of the Height and Interparticle
Distance Distributions of Micellar Au NPs Supported on
SiO,(~4 nm)/Si(100) after O,-Plasma and Subsequent
Thermal Treatments in UHV

treatments height (nm) interparticle distance (nm)
0,-plasma 46+ 1.1 76 £ 19
500 K (30 min) 28+£13 72+16
1000 K (30 min) 204+13 76 £ 20
1343 K (1 min) 21416 A+N

500K leads to an increase in the number of bright spots
in the images, revealing the gradual loss of the reg-
ularity in the NP height distribution (Figure 1b). Sub-
sequent annealing at 1000 K (Figure 1c) leads to a more
pronounced height contrast, indicating the existence
of a wider size distribution. The images in Figure 1 and
related interparticle distance histograms (Supporting
Information, Figure 1) indicate the lack of mobility of
our Au NPs, ruling out possible NP coarsening phe-
nomena via diffusion-coalescence. In addition, no in-
crease in the average NP height was observed upon
heating for the majority of the NPs, Figure 2, but a
progressive decrease from 4.6 + 1.1 nm (as prepared
ligand-free NPs), to 2.8 + 1.3 nm after heating at 500 K,
2.0+ 1.3 nmafter 1000 K, and 2.1 £ 1.6 nm after 1343 K.
Despite the fact that the majority of the NPs in our
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Figure 2. NP height histograms based on AFM images of
Au NPs on SiO,(~4 nm)/Si(100). The data displayed were
obtained after (a) an O,-plasma treatment at RT and sub-
sequent heating in UHV at (b) 500 K, (c) 1000 K, and (d)
1343 K (see Figure 1 for details).

sample become smaller with increasing annealing
temperature, a small fraction of large NPs is observed
above 500 K. Considering the lack of NP mobility, such
observation might be explained based on Ostwald
ripening processes*®>® in which the growth of large
NPs is mediated by the donation of atoms from the
surrounding smaller NPs.

While Ostwald ripening might explain the growth of
a small number of large particles, it does not explain
the significant height reduction observed for the ma-
jority of the NPs. A part of this decrease could be
explained based on the reduction of Au oxide species
formed during the O,-plasma treatment. Considering
the density of Au,05 of 11 g/cm?>> and that of metallic
Au of 19.3 g/cm? the final NP volume after the
complete reduction of the gold oxide species would
be ~0.6 of the initial volume. Nevertheless, such reduc-
tion in volume would translate to only ~17% reduction
in NP height, which is insignificant as compared to the
strong decrease in size observed.

Another possibility that should be taken into con-
sideration is the formation of Au silicide species. It has
been shown that even at relatively low temperatures,

metals such as Au could form silicides when deposited
on bare silicon substrates.>® > However, such beha-
vior is not expected when the Au films or nanoparticles
are separated from the silicon interface by relatively
thick (~4 nm in the present case) SiO, films. We have
ruled out such a possibility on the basis of the lack of
gold silicide features in our Au-4f XPS spectra. The
formation of gold silicide has been shown to shift the
Au-4f peaks to higher binding energies, for example,
from ~84.1 eV expected for bulk gold up to ~85.1 eVin
a study conducted on a thick Au overlayer deposited
on a bare silicon substrate.> In our example, the Au-4f
spectra could be fitted with only one component,
demonstrating the chemical homogeneity of the NPs,
and the binding energies measured (Au-4f;,, ~84.6 eV)
are significantly lower than those characteristic of Au
silicide. It should be noted that the smaller shifts
observed here in the Au-4f core levels are typical of
small NPs and are assigned to size effects.%>®" Accord-
ingly, if Au silicide species were present in our samples,
it should be in minute amounts well below our detec-
tion limit, and these species are not likely to play any
significant role in the NP stability or drastic height
reduction observed.

An additional plausible explanation for the overall
particle height reduction is the loss of Au atoms
through a sublimation process. In contrast to a melting
temperature of ~1337 K for bulk Au, a lower melting
temperature of ~1150 K has been reported for ~5 nm
Au NPs.®27%% To investigate this possibility, XPS mea-
surements were conducted after the different chemi-
cal/thermal treatments (Figure 3). For a sample treated
in situ, the ratio of Au-4f/Si-2p areas remains nearly
constant after all treatments up to 1343 K (~0.24, see
Supporting Information, Table 1), indicating the lack of
gold sublimation or loss in UHV (Figure 3a). However, a
different behavior is observed when an analogously
treated sample is exposed to air after each in situ
treatment, as was the case of the sample used here
for AFM analysis. In the latter case, the gold oxide
species present in the as-prepared sample after
atomic oxygen exposure disappear after air exposure
for 20h at room temperature, Figure 3b. A similar find-
ing was reported for the decomposition of oxidized
bulk gold samples by Tsai et al.®® and air moisture was
shown to be involved in this phenomenon, since no Au
reduction was observed in dry CO, after 6 days.®®
Nevertheless, it should be noted that our XPS data
did not reveal the decomposition of Au,03 into me-
tallic Au upon air exposure, but its disappearance and
consequent loss of gold. In fact, while the XPS area
under the Au metallic peak remains similar before
and after air exposure, the oxide component vanishes
entirely. This finding indicates that the mechanism
underlying the reduction of Au,O3; at room tempera-
ture in air involves the loss (volatilization) of Au oxide
species, and not its decomposition to metallic gold
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Figure 3. Au-4f XPS data of Au NPs on SiO,(~4 nm)/Si(100)
(a) cleaned with an O,-plasma and acquired after annealing
at different temperatures, (b) XPS spectra acquired directly
after an O,-plasma treatment, after a subsequent 20 h
exposure to air at atmospheric pressure, and after a 5 min
additional O,-plasma treatment. The Au-4f XPS spectrum of
Au(111) is shown in panel (a) as reference.

accompanied by oxygen desorption.®® To rule out the
signal damping due to carbon deposition during air
exposure, the same sample was additionally cleaned
by an O,-plasma, but the Au-4f intensity did not re-
cover its initial value (Figure 3b). Therefore, we can
conclude that the strong decrease in NP height ob-
served via AFM for the sample exposed to air from RT to
500 K can be at least partially assigned to the loss of the
Au,03 species. Nevertheless, a different phenomenon
must underlie the further decrease in AFM NP height
observed above 500 K, when no (or only a small frac-
tion) Au,0Os species were present in our sample. Since
for NPs within this size range AFM measurements do
not provide reliable information on the NPs lateral size,
the alternative possibility of NP flattening as being
responsible for the observed decrease in the NP height
was considered. Nevertheless, following the Beer—
Lambert attenuation law, such NP flattening should
increase the Au-4f/Si-2p ratio due to the smaller travel
length of Au photoelectrons inside the NPs upon the
3D (spherical) to 2D (flat) NP shape change, which was
not observed here.

A final possibility to explain the apparent reduction
in gold NP size upon annealing above 500 K is their in-
corporation into the SiO, support (“nano-Au diggers”),
that is, their ability to dig channels into the underlying
SiO, substrate by contributing to its decomposition
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Figure 4. (a) Si-2p XPS data of a silicon substrate with a thin
film of natural oxide as well as a another sample treated
with an O,-plasma, and (b) the oxide thickness obtained
from XPS analysis of the Au NP SiO,/Si(100) samples and a
pristine SiO,/Si(100) substrate measured after O,-plasma
treatment and annealing at different temperatures. Data
from a natively oxidized silicon sample are also included for
reference.

and subsequent desorption. The loss of SiO, patches
around the NPs is in fact observed in Figure 1d. This
phenomenon could explain the enhanced stability and
the lack of NP mobility observed by AFM. To explore
this hypothesis and to gain further insight into the role
of the Au NPs in this SiO, decomposition process
(T < 1343 K), XPS data of the Si-2p core level region
were acquired after the different treatments. Figure 4a
shows XPS data of a pristine silicon substrate (NP-free)
with a thin layer of natural oxide and also a ligand-free
Au NP/SiO, sample after annealing at 1000 K. The
contribution of the Si*" peak (at ~103.3 eV) is much
larger for the Au NP/SiO, sample than for the clean
natively oxidized SiO,/Si(001) substrate due to the O,-
plasma treatment undergone by the former. Consider-
ing the inelastic mean free path (IMFP) of photoelec-
trons, an estimation of the oxide layer thickness was
made based on the Si% Si**, and Si*" XPS intensities.
The details on the method used for the calculation of
the oxide thickness are provided in the supplementary
documents. Here, we need to mention that the
Si**/si® ratio obtained by XPS is not affected by the
presence of the Au NPs on the support surface due to
their low coverage and to the fact that Si° and Si*"
photoelectrons have similar inelastic mean free paths
inside the Au NPs, and therefore, such signals will be
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Figure 5. AFMimages of Au NPs on SiO,(~4 nm)/Si(100) acquired after annealing in UHV at (a) 500 K, (b) 1000 K, and (c) 1343 K
(see Figure 1 for details). A line profile analysis of the height of several individual Au NPs is also shown.

affected in the same manner by the presence of the Au
overlayer.

The summary of the oxide thicknesses obtained
after the different thermal treatments is displayed in
Figure 4b for three different samples: (i) sample S1, Au
NP/SiO,/Si(100) pretreated with an O,-plasma, (i) sample
S2, a pristine silicon substrate treated with an O,-plasma
similarly to S1, and (iii) sample S3, a pristine Si(100)
substrate with a thin native oxide overlayer and no plasma
treatment. A drastic difference in the oxide thicknesses
could be observed for the two samples that were treated
with the O,-plasma (S1,52) as compared to the natively
oxidized one (S3). Nevertheless, although directly after the
plasma treatment samples S1 and S2 have similar oxide
thicknesses, after the first annealing at 500 K the oxide
thickness increases for S1, while it decreases slightly for S2.
This observation hints toward an oxygen spillover effect
from the Au NPs present in S1 to SiO,, which results in
excess oxygen inside our amorphous SiO; film. The mild
annealing at 500K might allow the diffusion of interstitial
oxygen trapped in the oxide layer to the underlying
Si(100), resulting in the further growth of the oxide layer.
As can be seen from the data of S2, such phenomenon
does not occur in the absence of the Au NPs. Our
findings are in agreement with a previous study by
Campbell,%” showing that when bimetallic surfaces are
oxidized, the dissociation temperature of the most
stable oxides upon heating in UHV is generally reduced
in the presence of a metal with a less stable oxide.

By annealing the samples at higher temperature
(i.e., 1000 K), a decrease in the oxide thickness is
observed for S1, which is explained based on the
decomposition of SiO,. The same phenomenon is not
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observed for the NP-free samples (S2, S3), suggesting that
the Au NPs might act as catalysts to reduce the underly-
ing oxide support at relatively mild temperatures for this
system. Such reduction should occur at the NP-support
interface, leading to the removal of the SiO, support
underneath the NPs, with the NPs becoming partially
embedded into the oxide layer. At the highest annealing
temperature of this study (1343 K), the removal of big
patches of silicon dioxide is evident around some of the
Au NPs, Figure 1d. Here we have to keep in mind the AFM
tip convolution effect resulting in an overestimation of the
NP diameter. Such effect might mask the formation of
recessions and areas of missing oxide around the NPs at
lower temperatures, only becoming visible when they
extend far beyond the NP perimeter. Therefore, at low
temperature, the only indication of the Au NPs sinking
into the support is the apparent decrease in their height.

Figure 5 features high resolution AFM images from a
selected sample region where the desorption of oxide
patches around the Au NPs was observed at 1343 K. As
expected, the height profiles from the NPs surrounded
by dark rings (missing silicon oxide) reveal a rather
similar NP height when comparing 500 K and 1343 K
data, confirming that no significant loss of Au occurred
under the experimental conditions. Therefore, the
apparent decrease in height of these NPs at intermedi-
ate temperatures could be accounted for by consider-
ing the changes in the SiO, thickness underneath the
NPs and the incorrect assumption of the SiO, base
background in the histograms of Figure 2.

The major morphological changes observed for the
micelle-synthesized Au NPs supported on SiO,/Si are
schematically depicted in Figure 6. The NP in the as
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Figure 6. Schematic representation of the morphological changes of individual Au NPs supported on SiO,/Si(100) upon
annealing treatments in UHV. Volatile SiO species escape the sample after a catalytic reduction of the SiO, support mediated

by the Au NPs.

prepared sample digs a channel into the silicon oxide
after each thermal treatment due to the progressive
desorption of volatile SiO compounds. As soon as the
NP removes the underlying oxide layer entirely and
digs a hole into the Si(100) underneath, Figure 6¢, the
growth of the depression around the NPs could be
continued without any further assistance from the NP.
In most reducible oxide supports such as TiO,, the
oxide decomposition occurs via desorption of oxygen
atoms and consequent inward diffusion of remained
cations into the interstitial sites in the bulk.°4%° How-
ever, in case of SiO,, the oxide decomposition mainly
occurs through the desorption of volatile SiO, and not
only that of oxygen. Since the SiO, layer is trapped at
the interface between the bulk Si(100) support and the
SiO, overlayer which is much more stable, it cannot
escape into vacuum as long as the SiO, layer is intact.”
However, after the Au NPs dig a channel into the
oxide layer and expose the underlying bulk Si(100),
the oxide decomposition might accelerate signifi-
cantly. At that point, silicon atoms could diffuse on
the exposed bare silicon patch and reach the oxide
layer at the edge of the hole to form volatile SiO and
escape into vacuum. As could be seen in the inset of
Figure 5¢, the square shape of the recessed area
around the Au NP demonstrates that the desorption
of SiO occurs predominantly along steps in the (010)
and (001) directions of the Si(100) substrate.
Summarizing, surprisingly strong NP/support inter-
actions, leading the fast and relatively low-tempera-
ture decomposition of SiO, species were discovered
for micellar Au NPs supported on thin amorphous

EXPERIMENTAL SECTION

Hexagonally ordered arrays of Au NPs were synthesized by an
inverse micelle encapsulation technique.'??#"%37! Reverse mi-
celles formed from the dissolution of polystyrene-block-poly(2-
vynilpyridine) [PS(x)-b-P2VP(y), Polymer Source Inc.] in toluene
are subsequently loaded with HAuCl,-3H,0. The NP size is
tuned by changing the molecular weight of the polymer core
(P2VP) and by tuning the gold salt to P2VP ratio. The molecular
weight of the polymer tail (PS) determines the interparticle
distance. The polymer used for the synthesis was PS(81000)-b-
P2VP(14200), with a metal salt/P2VP concentration ratio of 0.2.

ONO ET AL.

O,-plasma-grown SiO, films. As a result of such interaction,
the Au NPs dig themselves into the SiO, support
and became stabilized against sintering. Since even
at 1343 K the NPs do not become completely em-
bedded into the SiO, support, this thermally stable
system might be suitable for industrial applications in
the fields of sensing and catalysis.

CONCLUSION

The thermal stability and mobility of size-selected
micellar Au NPs supported on SiO,/Si(100) was studied
by AFM. Our microscopy data evidenced lack of NP
mobility up to 1343 K but an overall apparent decrease
in the NP height with increasing annealing tempera-
ture which, according to XPS, could not be explained in
terms of Au sublimation. The drastic morphological
changes observed upon heating at relatively low tem-
perature (<1000 K) can only be understood if the
desorption of oxygen and decomposition of SiO,
underneath the NPs and at their perimeter is consid-
ered, leading to NPs sinking into the thin SiO, sub-
strate. The latter effect might also explain the superior
thermal stability of the NPs against sintering, since they
become trapped into substrate channels that they create
themselves by assisting the decomposition of SiO,
species and subsequent desorption of SiO and O,. The
preferential removal of oxide patches, although initially
nucleated by NPs, could subsequently grow further on
its own with increasing annealing temperature or time.
This material system is expected to be of interest for
high temperature applications where sintering-resistant
oxide-supported metal NPs are required.

Amorphous naturally oxidized SiO, thin films on Si(100) wafers
were used as substrates. A reference mark was made on the
substrate surface prior to NP deposition with a diamond scribe.
Substrate dip-coating into the gold polymeric solution at a
speed of 10 mm/min resulted in a monolayer-thick film of nearly
monodispersed micelles containing Au NPs.

The ex situ prepared samples were transferred into a UHV
system for the removal of the encapsulating ligands via an O,
plasma treatment (Po2 =55 x 10> mbar for 100 min) at room
temperature (RT). The thermal stability of the NPs was mon-
itored ex situ at RT via AFM (Digital Instruments Nanoscope lll,
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tapping mode) after in situ (UHV) annealing at 500 K (for 30 min),
1000 K (for 30 min), and 1343 K (for 1 min). The AFM tip
was positioned close to the reference mark made on the
SiO,/Si(100) substrate with the aid of an optical microscope,
and silicon nitride AFM tips with an end radius below 10 nm
were used for scanning. The cantilevers employed have reso-
nant frequencies in the range of 300—330 kHz with spring
constants of about 42 N/m. A typical scan rate of 1 Hz was used
to acquire the images, and the tip—sample interaction was
minimized to avoid tip-induced distortions in the NP shape and/or
NP arrangement during scanning. Because of tip-convolution
effects, the NP height (and not the diameter) was used as
representative size parameter. Our NP tracking method allows
the observation of the behavior of individual NPs in a large
area (3000 nm x 3000 nm) and and a direct comparison of the
morphological changes of a large number of individual NPs
within the ensemble. X-ray photoelectron spectroscopy (XPS)
was used to monitor changes in the chemical composition of the
NPs and SiO,/Si(100) support after the O,-plasma treatments
and UHV annealing. No CI-2p signal was detected by XPS after
O,-plasma treatment.
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