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We report a method to improve thermal stability up to etching, surface treatment or by using reducible suppoés (
900°C of bare-metal (naked) nanoparticles of gold sup- TiO,, ZrO, or CeQ) exhibiting a strong metal-support inter-
ported on top of SiO, and SrTiO; substrates via ligand-  action1%-15However, it is still a challenging issue to stabilize
assisted pinning. This approach leads to monodisperse naked gold nanoparticles in a non-reducible supports igs sil
naked gold nanoparticles without significant sintering af-  (SiQ,) due to the weak metal-support interaction, as compared
ter thermal annealing in air at 900°C. The ligand-assisted to reducible supports, and therefore displaying a low teaype
pinning mechanism is described. ture of sintering at 206 400°C. But silica support have been
attracting growing interest from the point of view thermt-s
Electromagnetic, optical and catalytic properties of retability, chemical inertness and stability in acidic envinoents.
nanoparticles are strongly sensitive to the shape and!sizeRecently, it has been reported surprising thermal stgtifit
A conventional technique to synthesize nanoparticles YNPsAu/SiO; up to at least 50C attributed to impurities and de-
presenting controlled shape and size is the use of statujlizi fects of silica surfacéand up to 700C for aAu/TiO, system
agents or ligand$d.The application of these nanoparticles re- decorated by amorpho®iO, 16 mainly attributed to the high
quires the removal of ligands which prevent the extremelythermal stability of theSiO, component’
high tendency of adhesion and aggregation to the detriment In this work we present an alternative approach for stabiliz

of nanoparticle functionality which are gover_ned main_ly by ing naked gold nanoparticles, with a particle diameterewel
the particle cores. Very often thermal anneallng for sirigp 10 nm, supported 08I0, and SrTiO; , based in the use of
"Si-rich trimethyl silane (TMS) ligand shell to control the-i

nanoparticle size and shape and therefore a deterioration ?erparticle distance that reduces sintering up to at [e26%®

their functional properties:* Furthermorg, therma] stability and immobilizes the particles remaining in the same pasitio
upto ele\{ated temperatures is not only highly deswgblﬁer after stepwise annealing treatments.

nanoparticle community as a strategy to remove ligands, but

also in order to use NPs in real world applications as cafalys ~ Core-shell gold nanoparticles with TMS ligands
photonics, bio-sensors or biomedical drug deliv&®Focus- (AUQTMS) were synthesized wittHSCH;)3SiMe; as
ing in catalysis applications, oxide-supported gold namop Previously reported® Au@TMS were deposited by dip-
ticles catalysts are considered as a promising sy$teHA coating onto thermally oxidized silicon wafer provided hwit
critical issue is the catalytic activity drop caused byaiimtg @ SiO; surface layer and ont8rTiO; (STO) single crystal
of Au nanoparticles at high temperature involving a deaeasand annealed during 30 minutes at different temperaturas in
of the specific surface area and, consequently, the degradat conventional furnace in air atmosphere. X-ray photoetectr
of the catalytic activity. Thus, when gold nanoparticleséha SPectra (XPS) were recorded at a pressure below btbar

a diameter below 10 nm, it leads to boosted catalytic activWith @ SPECS system. Al binding energy values were
ity.9 Many approaches have been attempted to avoid the aqefered to Ti(2p) peak at 457.9 €¥.Topographic scanning

gregation of the nanoparticles as alloying, encapsulatih ~ orce microscopy (SFM) images were performed using a
Veeco Dimension microscope operated at ambient conditions

a Centre de Recerca en Nanoenginyeria, UPC, Barcelona 0g8gain. E-  IN dynamic mode with the same tip for all measurements.

mail: cesar.moreno.sierrra@upc.edu For scanning transmission electron microscopy-electron

i’lnstitut de 'Ezcniques_ Ene@iques,UPC, Barcelona 08028, Spgin. energy loss spectroscopy (STEM-EELS) a VG HB501UX

, Departamento deica Aplicada I1l, UCM, Madrid 28040 Spain. Microscope was used, operated at 100 kV and equipped with
Materials Science and Technology Division, ORNL, Oak Ridganessee . . .

32831, USA. a Nion aberration corrector and an Enfina Gatan spectrometer

€ Departament de Qimica Inorganica, UB, Barcelona 08028, Spain. Specimens were prepared by conventional thinning, grandin
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and Ar ion milling.

Figure 1(a-e) displays typical topographic images of the |

supported Au@TMS deposited orsa0, at different anneal-
ing temperatures. After a low temperature annealing 30
(a) a cellular network structure is formed. In order to remov
the ligand shell we performed recurrent annealing at°€50
550°C and 700C (b-d). By increasing the annealing tem-
perature up to 90TC (e) the TMS ligands were progressively
removed displaying Au NPs. In this step, 8% are monodis-
perse nanoparticles with an average height 2-3 nm (Fid))1L(e,
free from TMS ligand residues while a marginaB% of the

NPs changed the size (4-30 nm). This is in accordance with
the range of 2-3 nm of diameter determined by high resolu-

tion transmission electron microscopy (HRTEM) previously
reported for the Au cores in the as synthesized Au@TM¥S.

In the inset of figure 1(e) we display the phase image where

the position of Au NPs (dark contrast) is more easily identi-

fied. Notice that the same cellular network structure of the

initial stage remains after annealing at 900
Similar behavior to Au@TMS ont&iO, is found when

they are deposited onto STO single crystal substrate. Af-

ter annealing at 90@ the NPs are free of the TMS ligand
shell presenting a monodisperse distribution of nanogesti
(Fig.1(g)) with sizes around 5-7 nm (Fig.1(h)). Comparing

with the widely used Au-dodecanothiol NPs deposited on the

same substrate, after annealing at°@pDAu-dodecanothiol
NPs show similar distribution (Fig.1(i)) and after 4%Dthe
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shell is removed and the nanoparticles are strongly sittere
(Fig.1(j)). Figure 1(k) displays the Au NP average height as
a function of annealing temperature obtained from the topo-
graphic images where error arises from the observed statist
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cal distribution. This plot indicates that the average AUGST
height is nearly constant up to 58D, while a slight de-

crease can be seen after removing the TMS ligand shell gf,

Fig. 1 Topographic SFM images (33un?) of supported Au NPs
systems. Au@TMS on top &iO, substrate after annealing at: (a)
°C, (b) 450°C, (c) 550°C, (d) 700°C and (e) 900C. (f) Profile

700—900°C. However, a glear increase is observ&_ed in th‘f-‘in (e) between arrows. Inset in (e) display the phase image.(g)
case of the Au-dodecanothiol NPs, where strong sintering iBuu@TMS on top of STO substrate after annelaing at@qh)

produced in well agreement with the low Tammann tempera
ture for gold (395C), which is the temperature at which the
particles begin to sinter significantly.

Profile in (g) between arrows. (i) Au-dodecanothiol on tofsad,
substrate after annealing at@®and (j) after 450C. (k)
Temperature dependence average height obtained from topographic

In order to address the chemical environment of the Au NP4nages.
capped with a Si-rich TMS ligand we have performed XPS
analysis on Au@TMS deposited onto STO substrate. Figure

2(a) shows the Si(2p) core level signal for the sample aedeal
at 80°C which is ascribed to the Si-rich TMS ligand. In con-
trast, after annealing at 900, an additional peak is displayed
at higher binding energies (102.9 eV), indicating the pmese
of Si0,.2°

The surface C/Ti atomic ratio increased fron2 3ambi-
ent contamination) to.6 times after deposition of Au@TMS
and decreased to.3times after anneling at 90C. This

times) after annealing at 906G with respect to 80C due to

the transformation and agglomeration of silicon from theS'M
ligand toSi0,. After annealing at 90TC, the Au surface con-
centration measured decreased slightly. Taking into adcou
that the size of the Au NPs almost remain constant after an-
nealing, this could be related to a matrix effect (the source
region of the electrons ejected by X-rays is different befor
and after removal of the TMS ligand) or as losses of melted

means that most of the ligand carbon was removed frongold at lower temperatures than that corresponding to the Au

the Au@TMS. The Si/Ti atomic ratio decreased slightlys(1

bulk.?!
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@) s0ec O A s annealing, the Au@TMS did not form AugiO, core-shell
] 1 structure, but formed AiO; portrayed bySiO; sitting adja-
s 3 Si centto gold ngnoparticles, thus avoiding the sinterifiggt@stine
g g gold nanoparticles.
o e e o 1 2 e s o 5 = \@\%\i*
Binding Energy (eV) Binding Energy (eV) () 2 TY e
‘/\p‘/L w\ /% S’,M
. . . " O s,
Fig. 2 _Sl 2p core-level spectra of Au@TMS onto STO after: (a) Menvs AU_S p AT
annealing at 86C and (b) 900C. i I N, AU
° o % .
"\; s 775/’{ ’ -

Figure 3(a) shows a low magnification annular dark-field
(ADF) Z-contrast image of an Au small nanoparticle adjacent
to a sintered Au NP laying onto the pristine amorph8iS;,
layer that covers the thermally oxidized silicon wafer. The
contrast in Z-contrast images is roughly proportional te th
atomic number, so the heavier Au nanoparticle appears muck.:3*
brighter.

Fig. 4 Conceptual scheme of ligand-assisted pinnig mechanism for
Au@TMS system.

In conclusion, outstanding thermal stability up to 9G0
has been demonstrated for small Au NPs in the range of 2-3
nm and 5-7 nm supported either &, or STO substrates,
respectively. XPS and STEM data show that, upon thermal
annealing in air, the silicon which was initially around the
Fig. 3 Spectrum image of a Au nanoparticle after annealing at core NPis progreS_SIV_er converted irg0,. The Qutcropped
900°C laying on the Si substrate. (a) Low resolution ADF image. ©IC2 aCts as a pinning center for the resulting Au NPs.
The square marks the area where the spectrum image was acquired.NiS result opens the possibility to use gold nanoparticles
(b) ADF signal acquired simultaneously with the spectrum image. t0 develop new potential applications operating at high
The nominal acquisition time was 0.1 s per pixel. (c, d) and (e) are temperatures.
the elemental maps for Si K edge around 1840 eVMys edge
around 2200 eV and O K edge around 530 eV, respectively. Acknowledgements
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