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We synthesized the arrays of porous gold nanoparticles attached to a fused silica and SiO2/Si substrates
employing a combination of thin film solid state dewetting and dealloying methods. We demonstrated
that the surface of porous gold nanoparticles can be passivated with a thin and conformal alumina layer
produced by the plasma-enhanced atomic layer deposition method. This passivation results in significant
improvement of the thermal stability of the nanoporous morphology. Whereas aseproduced porous gold
nanoparticles start to coarsen at the temperature as low as 160 �C, their passivated counterparts are
thermally stable up to 800 �C. At higher temperatures, the solid gold nanoparticles are formed on the
outer surfaces of the passivated porous gold nanoparticles, leaving behind partially emptied alumina
shells. We correlated the optical absorbance spectra of the as-produced and annealed particles with their
morphology and microstructure. A broad absorption peak in the infrared region was associated with thin
gold ligaments of 10e15 nm in diameter, and coarsening of these ligaments in the unpassivated particles
has led to the attenuation of the peak. The passivated particles demonstrated the stability of the infrared
absorption intensity up to the formation of solid gold nanoparticles at 900 �C, and the red shift of the
visible-range plasmon resonance peak above 600 �C. We conclude that surface passivation and heat
treatments represent efficient tools for tuning surface plasmon resonance properties of porous gold
nanoparticles.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Awide range of applications of metal nanoparticles relies on the
phenomenon of surface plasmon resonance. Gold nanoparticles are
the classical example of the system exhibiting surface plasmon
resonance, which originates from the collective oscillation of
electrons in the conduction band in response to optical excitation
[1]. This induces very strong surface electromagnetic fields, which
are especially useful in chemical sensors and biodetectors, surface
enhanced Raman scattering [2], wavelength filters, and in other
applications.

It is known that interaction of metal nanoparticles with light
depends greatly on the morphology, dimensions and dielectric
in).
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environment of nanoparticles. Variations in configuration and
chemical composition of metal nanoparticles allow tailoring their
plasmonic properties [3] and other functionalities [4].

The formation of interconnected porosity inside metal nano-
particles, which increases their surface-to-volume ratio, offers an
opportunity for design of new surface and optical properties [5].
Different size of ligaments as well as the shape and size of the
particles provide the surface plasmon resonance tunability over a
wide range of wavelengths. It has been shown that the average
near-field intensity enhancement in porous Au nanoparticles
dispersed in aqueous solution was about 10 times higher than in
the solid particles [6]. Though a number of publications on plasmon
properties of different types of gold nanostructures (including
nanoporous gold membranes) are available in the literature [7e10],
only few studies report the optical performance of three-
dimensional porous Au nanoparticles [6,11].

Typically, the methods for optical sensor fabrication include
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several steps and rely on assembling of solution-synthesized metal
nanoparticles on a substrate [12,13]. The lithography-based
methods are widely used to fabricate well-defined nanostructures
[14,15], but technical complications, high costs and low scalability
stimulate the development of other methods. Solid-state dewetting
of a thin metal film is the simplest and low-cost method for
immobilization of nanoparticles in a self-assembly manner on a
substrate [16], yielding the low dispersion of the characteristic
inter-particle spacing. The dimensions of the nanostructure ob-
tained by dewetting can be controlled by the initial thickness of a
metal film [2]. Combined with other techniques, dewetting can be
utilized to produce ordered periodic arrays of nanoparticles [17,18].
Porous gold nanoparticles (PGNs) produced by solid-state dewet-
ting of Au-Ag films on the substrate with the subsequent selective
etching of Ag [19] represent an attractive platform for surface
enhanced Raman scattering. This processing technique, which was
utilized in the present study, provides the nanoparticles with di-
mensions and particle spacing below the resonant wavelength
required for the resonance excitation. The typical dimensions of the
particles and pores are in the range of hundreds and just a few
nanometers, respectively, which result in high capillary forces
lowering the thermal stability of the particles. Due to the large total
excess surface energy, nanoporous metals are inherently unstable
against thermal coarsening [20], which is the main disadvantage
preventing their applications at elevated temperatures or in
chemically active environments [21]. The coarsening of PGNs has
been studied in our recent in-situ and ex-situ experiments [22]. We
observed the onset of thermal degradation of gold nanoporous
structure at a relatively low temperature of about 160 �C [22]. In
order to stabilize the morphology, it is important to hinder the
surface diffusion. The most commonly used method to suppress
surface diffusion and to improve the stability of nanoporous
structure relies on alloying with small amounts of high melting
point metals such as Pt or Pd. Incorporation of small concentration
of Pd into nanoporous gold-based alloy was shown to contribute to
high electrocatalytic activity and electrochemical stability of the
alloy [23]. Small amounts of Pt added to the bulk of the precursor
Ag/Au alloy was found to stabilize the morphology of the porous
metal at elevated temperatures and in harsh chemical environ-
ments [24], which is due to lower diffusion coefficient of Pt
compared to that of Au. At the same time, the nanoporous structure
functionalized by Pt electrodeposited onto nanoporous gold surface
significantly coarsened at 400 �C [25]. Another way to prevent
thermal degradation of nanoporous structure is the surface
passivation by a thermally stable oxide, such as silica, titania or
alumina [26]. Among the mentioned metal oxides, alumina is ex-
pected to ensure the highest thermal stability of nanoporous
morphology because it exhibits the highest crystallization tem-
perature. Coarsening of nanoporous gold film passivated with TiO2
was observed at about 600 �C, while Al2O3-coated film was stable
up to 900 �C [26]. The latter coating also caused a significant in-
crease of mechanical strength of the nanoporous Au film. We
believe that the improved thermal stability of PGNs with Al2O3-
passivated surface will result in stabilization of optical properties,
thus enabling to expand the range of practical application of PGNs
to higher temperatures. Plasma-enhanced atomic layer deposition
(ALD) is the most appropriate technique for depositing of a few
nanometers thick, homogeneous and conformal coatings. There-
fore, we employed the ALD technique to cover PGNs with amor-
phous alumina passivation layer.

The objective of the present research is two-fold: firstly, we aim
at establishing the correlation between the nanoscale morphology
and optical properties of PGNs; secondly, we intend to enhance the
thermal stability of PGNs and stabilize their optical properties by
means of deposition of amorphous oxide layer. Moreover,
understanding the microstructure evolution of the PGNs “pack-
aged” in an inert rigid shell is interesting from the fundamental
point of view, and may open new avenues of the fine-scale mate-
rials processing. Indeed, the morphology and microstructure
changes in such nanoparticles are a result of synergetic interplay of
the capillary- and thermal expansion mismatch-induced internal
stresses, of themechanical behavior of the thin amorphous alumina
shell, and of the bulk, surface, and interface self-diffusion of gold.
The present research explores the possibility of designing a surface
plasmon resonance material supported by a substrate relevant for
surface enhanced Raman scattering, which can effectively operate
at elevated temperatures. The manipulation of the metal surface
passivation conditions offers the possibility for tailoring the
nanoscale morphology of PGNs and fine-tuning the plasmon
resonance frequency.

2. Experimental

2.1. Sample preparation

Au/Ag bi-layer films (8 nm Au/20 nm Ag) were deposited on
SiO2/Si substrates and on glass (fused silica) substrates using elec-
tron beam evaporation. Prior to deposition on the Si substrate,
200 nm thermal SiO2 layer was grown in order to prevent the re-
action between the substrate and the films deposited on it. Firstly,
the dewetting annealing of the bi-layer films was performed at
900 �C in Ar flow for 15 min, and as a result Au/Ag alloy nano-
particles were formed. Afterwards, nanoporous gold nanoparticles
were formed by the selective removal of Ag from the alloy nano-
particles in a nitric acid: the samples were submerged in a 65 wt%
HNO3 aqueous solution at 21 �C for 5 min.

5-nm thick Al2O3 films were coated onto the as-dealloyed
samples by means of plasma-enhanced atomic layer deposition in
a Beneq TFS 200 type ALD reactor. Trimethyl aluminium and oxy-
gen plasma were used as the precursor materials for the Al2O3
deposition at 150 �C. The ALD growth cycle consisted of the
following steps: 450 ms trimethyl aluminium dose at 1 mbar
chamber pressure, 3 s of nitrogen purge, 6 s of oxygen plasma at
50Wpower, 3 s of nitrogen purge. The growth rate of the layers was
1.43 Å/cycle. Accordingly, the growth cycle was repeated 35 times
to deposit 5-nm thick Al2O3 layer.

As-prepared samples were annealed in a quartz tube resistance
furnace in an ambient air in the temperature range from 350 to
1000 �C. The duration of each annealing cycle was 60 min.

We also prepared a reference sample from the 25 nm thick Au
film on sapphire substrate. The film was dewetted at 900 �C in
ambient atmosphere for 90 min in order to obtain isolated gold
particles. Afterwards, 5-nm thick ALD alumina layer was coated
onto the solid gold particles. We used the same ALD-deposition
conditions as were used for the porous particles. The annealing
conditions used for the reference sample were also identical to
those employed for the samples of unpassivated PGNs and Al2O3-
passivated PGNs.

2.2. Sample characterization

The morphology evolution was tracked after each heat treat-
ment by means of high-resolution scanning electron microscope
(HRSEM, Zeiss Ultra Plus). HRSEM micrographs were taken using a
secondary electron detector, at an acceleration voltage of 3 kV for
the samples supported by SiO2/Si substrates and for the reference
sample. Use of a low voltage and fixing the samples on a conductive
stage prevented the charging of nonconductive substrates. The
chemical composition was measured via energy-dispersive spec-
troscopy (EDS), which was used in association with HRSEM. EDS



Fig. 1. (a) HRSEM micrograph of PGN on SiO2/Si substrate, (b) TEM image of PGN
coated with alumina. The inset electron diffraction pattern in (b) taken from the whole
particle along the [012] zone axis confirms the single crystalline nature of APGN.
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was performed using an acceleration voltage of 5 kV, a probe cur-
rent of 0.3 nA, and aworking distance of 8.5 mm. The take-off angle
of X-ray radiation was 35�. Acquisition time was 40 s per a single
measurement.

Transmission electron microscopy (TEM) images and electron
diffractions were obtained using TEM (FEI Tecnai 20s-twin) oper-
ated at 200 kV. The TEM lamellar was prepared by using the milling
with focused ion beam (FIB, Carl Zeiss Auriga 60 crossbeam).

The microstructure evolution during thermal treatment was
characterized employing the X-ray diffraction (XRD) system
(Rigaku SmartLab) equipped with a high-temperature heating
stage. The measurements were performed in a parallel beam
configuration, and monochromatization of the beam was per-
formed using a 2-bounce Ge(220) monochromator. In-situ XRD
data were collected throughout the annealing from 350 �C to
900 �C. The measurements were carried out on the samples sup-
ported by SiO2/Si substrates. The diffraction patterns were recorded
in q-2q scanning mode using Cu Ka radiation (l ¼ 1.5406 Å) in the
range of 2q between 37� and 39�.

Samples supported by glass substrates were used for optical
measurements. The glass is characterized by high optical trans-
parency (about 95%) in the spectral range 200e2100 nm. Trans-
mission and reflection spectra were measured in the wavelength
range of 350e1100 nm using a double beam scanning UVeviseNIR
spectrophotometer (Cary 5000, Agilent) equipped with an inte-
grating sphere. Afterwards, the absorption was calculated from the
measured spectra.

3. Results and discussion

3.1. Morphology and microstructure

As-deposited Au and Ag films exhibited strong [111] texture,
which was inherited by solid alloy nanoparticles and, correspond-
ingly, by porous gold nanoparticles. During dewetting of the bi-
layer films at a temperature of 900 �C, the grains in the film grow
to such an extent that only single crystalline alloy particles are
obtained. As-dealloyed nanoparticles retain their single crystalline
character and exhibit three-dimensional bi-continuous structure
with pore dimensions of about 20 nm (Fig. 1a). The average
diameter of PGNs is 300 nm. The particles coated with amorphous
alumina layer retain the original open porosity, since the alumina
thickness is 5 nm. ALD-modified PGNs (APGNs) exhibit uniform
alumina coating both on the outer surface and inside the pores
(Fig. 1b). The selected area electron diffraction was taken from the
sample after dealloying and coating with Al2O3. It shows a
diffraction pattern characteristic of a single crystalline gold (insert
in Fig. 1b).

Fig. 2 shows the morphology evolution of APGNs annealed in
the temperature range 350e800 �C. At the annealing temperature
of 350 �C no morphology changes are observed. After the heat
treatments at 500 �C and 600 �C nanoparticles were also stable, but
the detailed examination revealed the contrast change of individual
ligaments in SEM images (Fig. 2c and d), which was caused by a
slow diffusion of gold along the alumina layer. EDS spectra confirm
the absence of gold in these dark features (Fig. 3). The following
heating up to 800 �C results in the increased number of dark liga-
ments due to the increase of diffusion rate of gold atoms (Fig. 2e
and f). Yet, a large part of nanoparticles preserves their structural
integrity. The ligament size does not change with the annealing
temperature.

The APGNs exhibited stable morphology up to 900 �C, but at
such a high temperature fast surface and bulk diffusion of gold
atoms promote the formation of solid gold nanoparticles, which is
confirmed by EDS spectrum (Fig. 4c). Gold emerges from the
alumina coating leaving behind the hollowed alumina shell. As a
result, faceted nanometer-sized Au crystals form on the surface of
almost every incipient porous particle (Fig. 4a and b). Typically, one
solid gold particle is formed from one porous particle. The size of
the formed gold nanoparticles after annealing at 1000 �C lies in the
range from 50 to 200 nm, with 60% of the particles being narrowly
dispersed in size, from 100 to 150 nm (Fig. 4d). It is interesting to
note that the emptied alumina shell retains the initial porous
structure.

Continuous and smooth alumina coating serves as a passivation
layer, effectively suppressing coarsening of porous gold nano-
structure and hindering diffusion of gold atoms. At high tempera-
tures, the alumina coating becomes highly strained due to the
mismatch of thermal expansion coefficients of gold and alumina.
This may result in cracks formation and partial delamination of the
alumina layer. Gold starts to diffuse out from these defect sites in
alumina. The driving force for this outdiffusion is the decrease of
the total energy of all surfaces and interfaces in the system. Indeed,
since the energy of gold-alumina interface is larger than the surface
energy of alumina [27], emptying the porous alumina shell from
gold results in decrease of surface and interface energy, duly
compensating the increase of energy associated with the formation
of new surfaces of solid gold nanoparticles. The mechanism for
improvement of thermal stability by means of a passivation layer is
related to the slower metal self-diffusion along the metal-ceramic



Fig. 2. HRSEM images of APGNs: (a) as-prepared, annealed for 60 min at (b) 350 �C, (c) 500 �C, (d) 600 �C, (e) 700 �C, (f) 800 �C. Arrows in (c) and (d) indicate contrast change of
individual ligaments.

Fig. 3. (a) HRSEM image of the APGN annealed at 600 �C, and (b,c) corresponding EDS spectra acquired from the (b) dark and (c) bright regions in (a).
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interface as compared with the surface self-diffusion [28].
It should be noted that the acceleration of morphology evolution

of the APGNs above 900 �C cannot be attributed to the partial
melting of the particles due to GibbseThomson effect. Indeed, the
size-dependent reduction of the melting point of Au nanoparticles
was observed for the particles smaller than 10 nm in diameter [29].
The ligament size in APGNs synthesized in the present work is
larger than 10 nm, which excludes the possibility of partial melting
at the temperatures of 900 and 1000 �C.

The formation of a solid gold nanocrystal from a porous one



Fig. 4. HRSEM image of APGNs annealed at (a) 900 �C and (b) 1000 �C, (c) EDS spectrum acquired from the particle marked in (b); (d) particle size distribution after annealing at
1000 �C. Fitting curve is superimposed on the histogram.
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relies on the diffusion of gold atoms along the Au/alumina interface,
and in the bulk of gold ligaments. The mismatch of thermal
expansion coefficients of gold and alumina results in high tensile
stresses in alumina shell once the particles are heated to high
temperature. These stresses result in cracks formation in the shell,
or in its partial delamination. The dark ligaments observed in
Figs. 2cef, 3a, and 4a-b exemplify such defects in alumina shell. The
defect sites of the alumina layer serve as nucleation sites for solid
gold nanoparticles. Such nuclei may form due to relaxation of high
compressive stresses in gold ligaments. Once the size of the gold
nuclei exceeds some critical value, it can continue growing by
emptying the alumina-covered gold ligaments. We developed a
simple model of the growth of a solid gold nanocrystal and esti-
mated the critical radius of the nucleus (see Supplementary
Information Fig. S1 for details). Our model results in the following
equation for the growth rate of a solid particle:

dR
dt

¼ aD2U

2RkT
D1r2n

D1r2nþ aD2lR

�
gi � gs

r
� gAu

R

�
; (1)

where R is the radius of the growing particle, r is the radius of a
ligament, D1 and D2 are the effective diffusion coefficients of gold
along the ligament and in the gold particle, respectively, l is variable
diffusion distance along the ligament, n is the number of ligaments
feeding the growing particle, gi and gs are the energies of the Au/
Al2O3 interface and of the surface of amorphous Al2O3 layer,
respectively, gAu is the surface energy of gold, U is the atomic vol-
ume, a is a numerical coefficient of the order of one which depends
on the shape of the growing particle, and kT has its usual ther-
modynamic meaning.

This expression yields the critical radius of a seed Rcrz10 nm,
with larger gold particles exhibiting fast stable growth (Fig. 5a). The
nuclei with a lower radius are unstable and should disappear. The
supercritical nucleus can form at the site of local rupture of the
alumina shell due to the plastic relaxation of the compressive
thermal stresses in gold ligaments. The maximum size of the
formed solid particle is restricted by the amount of gold in the
initial APGN. Taking into account the average size of the initial
particle of about 300 nm (see Supplementary Information), we
obtained the maximum radius Rmax of the formed nanocrystal of
about 115 nm. Our estimate is in good agreement with the exper-
imental data (Fig. 4d), and explains why the formed gold particles
exhibit quite narrow range of sizes. The solution of Equation (1) in
the range of Rcr <R<Rmax yields the time of the particle formation.
For example, the formation time of a particle with Rmax ¼ 115 nm
at the annealing temperature of 1000 �C is only 120 s (Fig. 5b).

One of the main advantages of amorphous alumina is its high
crystallization temperature. Indeed, crystallization of thin ALD
alumina films has been reported at 900 �C [30] and at 1000 �C [31].
We performed the in-situ XRD annealing experiments of APGNs
(see Section 3.2). X-ray diffraction patterns did not reveal any phase
transformation from amorphous to crystalline alumina, despite the
high annealing temperatures. We suppose that the reason for this
stability of the amorphous structure is a high surface-to-volume
ratio of the ALD-produced alumina layer. Due to the lower surface
energy of amorphous alumina compared with g- and a-crystalline
polymorphs, this phase is energetically more favorable for specific
surface areas exceeding 370 m2/g [32], or 9.2$108 m�1 in the units
of specific surface area per unit volume (the density of amorphous
alumina is 2.5 g/cm3). Gold ligaments provide a specific surface
area of about 105 m2/g (1.9$1012 m�1) [19], thus thermodynamically
stabilizing the amorphous alumina coating up to the temperature
of 1000 �C.

In order to emphasize the uniqueness of the observed high-
temperature behavior of APGNs, we prepared the reference sam-
ple of the ALD-passivated solid gold nanoparticles. Nanoparticles
were obtained by solid state dewetting of 25-nm thick Au film on
sapphire and afterwards were covered with 5-nm thick alumina



Fig. 5. (a) The dependence of the growth rate of a solid gold nanoparticle on its radius,
and (b) the corresponding dependence of the nanoparticle radius on annealing time.
The presented dependencies are given for the annealing temperature of 1000 �C.
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layer. The annealing conditions were the same as for porous sam-
ples. The reference samplewasmorphologically stable up to 600 �C.
At this temperature, we observed the formation of small bumps on
the nanoparticle surface (Fig. 6a). At higher temperatures these
bumps grew laterally, and simultaneously the new bumps on the
initially featureless surfaces of gold nanoparticles were formed. The
formation of these surface features is a result of gold diffusion in-
side a tight and conformal alumina shell. The gold atoms diffuse out
from the edges of the particles due to the nucleation and growth of
pores occurring at the corners of the particle/substrate interface.
The thermodynamic driving force for this process is a relatively low
surface energy of amorphous alumina (0.88 J/m2) [33], and rela-
tively high energy of the gold-alumina interface (2.15 ± 0.05 J/m2)
[27], which results in the formation of convex pores, and their
expansion away from the corners of the gold particle. The material
that diffused out of the pores accumulates in certain sites, which
results in the formation of the surface bumps. In Fig. 6b we can
clearly observe the emptied alumina shell, which outlines the
boundaries of the initial particle. The excess pressure exerted by
gold atoms accumulating in the surface bump results in exfoliation
of the shell (Fig. 6b). The same processes take place at the tem-
perature of 800 �C (Fig. 6c). The particles annealed at 900 �C exhibit
substantial morphological changes (Fig. 6d) such as surface
roughening and coarsening, which may indicate the crystallization
of alumina shell. Thus, one can assume that ALD amorphous
alumina coating on solid gold nanoparticles undergoes phase
transformation at a lower temperature compared to the ALD
coating on the PGNs.
3.2. Internal stresses

It is known that nanostructured materials exhibit high level of
internal stress, which equilibrates the surface and interface
stresses. Since the nanoporous microstructure formed after
dealloying exhibits areas of high local curvature of varying sign, the
existence of both tensile and compressive local stresses is expected
in both PGNs and APGNs. At the same time, Weissmüller et al. have
shown that the average bulk stress in the nanoporous structure is
always compressive [34]. Because of their strong [111] texture, the
PGNs obtained by solid state dewetting and dealloying represent a
convenient object for testing the Weissmueller-Cahn theory. We
have recently confirmed the compressive nature of internal stress
in as-dealloyed PGNs [22]. Surface and interface diffusion of gold at
a temperature of 350 �C was found to promote the coarsening of
nanoporous structure and concomitant relaxation of the average
compressive stress [22]. To clarify the effect of alumina coating on
the internal stresses in APGNs, we performed the in-situ X-ray
annealing experiments and tracked the position of the (111) Bragg
reflection of gold. The experiments for PGNs and APGNs were
performed under identical experimental conditions, the only dif-
ference being a much wider range of temperatures employed in the
in-situ heating study of the APGNs.

As expected, increasing the temperature results in thermal
expansion of the crystal lattice of gold, which causes a significant
shift of the (111) reflection to the lower values of 2q (Fig. 7). After
cooling the sample back to room temperature, the diffraction peak
shifts back exactly to its initial state. It is important to note a sig-
nificant difference in the behavior of the diffraction peak in
passivated and unpassivated PGNs. In the unpassivated PGNs, the
initial position of the (111) reflection for the as-dealloyed particles
was shifted to higher values of 2q relatively to its nominal value for
bulk gold. After the heating-cooling cycle, the peak did not return to
its initial position, which indicated a decrease of compressive
stresses in the PGNs due to the coarsening of their nanoporous
structure [22]. The coincidence of the (111) Bragg reflection posi-
tions before and after in-situ annealing of APGNs means that
alumina passivation layer stabilizes the initial nanoporous struc-
ture of the particles up to the highest temperature of 900 �C. The
solid gold nanocrystals formed at high temperatures do not inherit
the orientation of the APGNs and, hence, they do not contribute to
the (111) diffraction peak. The gold remaining within the alumina
shell after the heating-cooling cycle still exhibits the same average
compressive stress as the as-received APGNs.

3.3. Optical properties

The samples used for optical measurements (on glass substrate)
were annealed in the same temperature range (up to 1000 �C) as
the samples supported by SiO2/Si substrate. No difference in the
morphology evolution of nanoparticles depending on the substrate
was revealed. We correlated the changes of absorption spectra of
passivated and unpassivated gold nanoparticles with their
morphology evolution.

Absorption spectra of unpassivated PGNs before and after
annealings are shown in Fig. 8. The absorption spectrum of the as-
dealloyed sample shows two slight peaks in the visible region and a
pronounced one in the near-infrared (IR) region (Fig. 8a, green
curve). Short wavelength absorption is determined by the inter-
zonal transitions in gold. This absorption manifests itself in the
range of 350e500 nm as a slightly increased background. It does
not depend on themorphology evolution of nanoparticles or on the
changes in the surrounding media. Since the initial PGNs exhibit
two different characteristic dimensions, we observed the optical
response from gold nanoparticles, as well as from gold ligaments.
The maximum distinguishable at 520 nm is due to the excitation of
the optical plasmons in gold nanoparticles, whereas the prominent
absorption band in the near-IR region (lmax ¼ 980 nm) is attributed
to the plasmon oscillation modes in nanoscale ligaments. A similar
structure of the absorption spectra has been reported for colloidal



Fig. 6. HRSEM images of gold nanoparticles with ALD alumina coating annealed at (a) 600 �C, (b) 700 �C, (c) 800 �C, (d) 900 �C. (c) and (d) represent one and the same particle. The
duration of each annealing cycle was 60 min.

Fig. 7. The in-situ X-ray diffraction patterns of APGNs. The green and the black curves
refer to APGNs prior and after the in-situ annealing experiment, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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solutions of gold nanorods [35]. This wide absorption band can be
considered as a convolution of individual narrow bands. It results
from the multiple plasmonic contributions of interconnected gold
ligaments and superposition of these resonances throughout the
nanoparticles, which has been confirmed by the strong polarization
effect [11].

The corresponding spectra of the annealed PGNs samples are
considerably different. They showa rapid decrease and flattening of
the IR absorption, followed by the increase of absorption intensity
in the visible region. These spectral changes are observed right after
the first annealing (Fig. 8a, cyan curve), which is accompanied by
the corresponding changes in the nanoparticles morphology. We
have shown in our recent work that open nanoporosity transforms
into a metastable closed one upon heat treatment at 350 �C in air
[22]. Surface diffusion promotes the thermal coarsening of liga-
ments, which occurs faster in the near-surface region. As a result,
the annealed particles have a continuous outer surface with mul-
tiple concavities and a large pore inside the particle or at the par-
ticle/substrate interface. With increasing temperature the size of
the closed pores decreases, which results in further lowering of IR
intensity (Fig. 8a, blue and black curves). As the particles approach
their equilibrium shape, the IR absorption band totally disappears
(Fig. 8a, red curve).

A remarkable feature of the absorption spectra in Fig. 8 is the
increase of absorption intensity in the visible region with coars-
ening of nanoporosity. As we can see from Fig. 8a, as-dealloyed
PGNs exhibit a minor absorption peak at 520 nm. It becomes
more pronounced with annealing-induced coarsening of PGNs.
Such a variation of absorption intensity can be explained by the
tendency of fine-porous structure to damp the plasmon peak at
520 nm due to electron-surface scattering [36]. Indeed, this surface
plasmon band was essentially unidentifiable for gold crystallites of
less than 2 nm in effective diameter, re-appearing for larger parti-
cles, with the intensity increasing with increasing crystallite
diameter [37]. Also, there is some analogy in the behavior of gold
plasmon peak observed in the present study, and in the study of the
periodic structures of cylindrical holes in the composite film of
P3HT:PMMA/Au [38]. Increase of the hole diameter at a fixed
spacing between the holes resulted in the increase of the extinction
intensity peak at 550 nm [38]. Assuming that there is some analogy
between the hole diameter in Ref. [38] and the average pores
diameter in the PGNs in the present studymeans that coarsening of
the nanoporosity in the PGNs should result in the increase of the
visible plasmon peak, in agreement with our experimental obser-
vations (see Fig. 8).

Fig. 8b shows the optical spectra of the APGNs. Due to the
retention of open porosity in the passivated particles, they exhibit
an optical response which is a superposition of the optical re-
sponses of the gold nanoparticles and of the interconnected



Fig. 8. Absorption spectra of (a) PGNs and (b) APGNs before and after heat treatments
at different temperatures. Green spectra correspond to the samples before annealing.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 9. The dependence of the visible-range plasmon resonance wavelength of the
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ligaments (Fig. 8b, green curve). The IR plasmon peak shows a
significant red-shift (by more than 100 nm) compared to its posi-
tion in unpassivated particles. The absorption maximum lies
beyond the studied spectral range. Such a significant shift is due to
changes in the local refractive index around gold ligaments. Taking
into account that the plasmon resonance frequency depends not
only on the morphology of the particles, but also on the dielectric
properties of the surrounding medium, the slightest change (only
about 0.5%) [39] of the refractive index around nanoparticles will
cause a detectable shift of the plasmon resonance peak. It has been
shown that the excitation spectra can be effectively used to
determine the variation of the dielectric constant of the medium
within the pores and to detect the species adsorbed onto the sur-
face of the pores [39]. The sensitivity of the plasmonic peak position
to the refractive index of the surrounding mediumwas found to be
much higher for hollow gold nanospheres than for their solid
counterparts [40]. This is because both the inner and outer surfaces
present in the hollow nanoparticles contribute to plasmonic reso-
nance. Highly developed surface of the PGNs results in their
increased sensitivity to the variations of the dielectric constant of
the environment, so that even very thin ALD alumina coating
causes a significant red-shift of the IR plasmon peak.

In contrast to the unpassivated particles, heat treatment of the
APGNs does not result in a substantial spectral change. The stability
of the IR band testifies to the thermal stability of the nanoscale
structure. Only annealing at the temperatures of 900 and 1000 �C
results in a significant attenuation of the red spectral tail, indicating
the collapse of nanoporous structure.

The plasmon peak at lmax ¼ 520 nm in APGNs exhibits a slight
red-shift after annealings at the temperature of 600 �C and above
(Fig. 9). Below 600 �C, the position of this plasmon peak is stable.
This is the same temperature at which the dark ligaments inside the
particles appear in the SEM micrographs (see Figs. 2e3). The
maximum red-shift of the plasmon peak (lmax ¼ 555 nm) was
observed at the highest studied temperature of 1000 �C (Fig. 9). We
also observed a distinct broadening of this absorption band and the
appearance of a slight shoulder with increasing temperature (see
Fig. 8b). All these features become essential at T � 800 �C and are
related to the formation of small solid gold nanoparticles with
elongated and irregular shape, which contribute to the overall ab-
sorption. The measured absorption is the integral absorption of
particles of different sizes and shapes.
4. Conclusions

In conclusion, we synthesized the PGNs with thin conformal
ALD alumina coating (APGNs) exhibiting excellent stability against
coarsening at elevated temperatures. The deposition of amorphous
alumina layer effectively suppresses the surface diffusion of gold up
to the temperature of 900 �C, thus stabilizing the nanoscale
morphology. Annealing at this and higher temperatures leads to the
growth of solid gold nanoparticles leaving behind the emptied
nanoporous alumina shell. We developed a kinetic model of the
growth of solid nanoparticles and estimated the critical nucleus
radius and the maximum radius of the formed particle. The ob-
tained values are in a good agreement with the experimental re-
sults. We also demonstrated that the high level of capillary-induced
internal compressive stresses in the passivated PGNs is preserved
after prolonged annealing at 900 �C, indicating that some gold re-
mains confined within the alumina shell.

We uncovered a strong correlation between the optical prop-
erties of PGNs and their morphology. The optical response of both
as-dealloyed PGNs and as-received APGNs was found to be a
combination of the responses of gold nanoparticles and of the
smaller gold ligaments. Annealing of the PGNs results in coarsening
of nanoporosity and concomitant damping of the near-IR plasmon
peak in their absorption spectra. The morphological stability of
APGNs at high temperatures results in the stability of their optical
properties. Thus, we demonstrated that two plasmon bands
inherent in PGNs could be stabilized up to the temperature of
900 �C bymeans of ALD of thin alumina layer. Moreover, the change
of the dielectric environment around gold ligaments allows fine-
tuning of the near-IR absorption. The improved thermal stability
APGNs on annealing temperature.
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and optical properties of alumina-stabilized PGNs opens the way
for a number of promising applications at high temperatures and in
chemically active environments, such as actuation and surface
enhanced Raman scattering.
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