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Thermal Degradation Mechanism of Triangular Ag@SiO,
Nanoparticles

Mahesh K. Gangishetty, Robert W. J. Scott*, Timothy L. Kelly*

Triangular silver nanoparticles are promising materials for light harvesting applications because of their strong plasmon
bands; these absorption bands are highly tunable, and can be varied over the entire visible range based on the particle size.
A general concern with these materials is that they are unstable at elevated temperatures. When thermally annealed, they
suffer from changes to the particle morphology, which in turn affects their optical properties. Because of this stability issue,
these materials cannot be used in applications requiring elevated temperatures. In order to address this problem, it is
important to first understand the degradation mechanism. Here, we measure the changes in particle morphology, oxidation
state, and coordination enviornment of Ag@SiO> nanotriangles caused by thermal annealing. UV-vis spectroscopy and TEM
reveal that upon annealing the Ag@SiO: nanotriangles in air, the triangular cores are truncated and smaller nanoparticles
are formed. Ag K-edge X-ray absorption spectroscopy (XANES and EXAFS) shows that the small particles consist of Ag(0), and
that there is a decrease in the Ag-Ag coordination number with an increase in the annealing temeperature. We hypothesize
that upon annealing Ag in air, it is first oxidized to Ag«O, after which it subsequently decomposes back to well-dispersed
Ag(0) nanoparticles. In contrast, when the Ag@SiO. nanotriangles are annealed in N, since there is no possibility of

oxidation, no small particles are formed. Instead, the triangular core rearranges to form a disc-like shape.

Introduction

Localized surface plasmon (LSPR) is a
phenomenon unique to metal nanoparticles, and has a wide
variety of applications. When metal nanoparticles interact with
incoming light, the light drives coherent oscillations of the
electrons in their conduction bands, known as localized surface
plasmons. LSPR occurs when the frequency of these oscillations
is in resonance with the frequency of the incoming light.13 Due
to their unique optical properties, they have been used in a
variety of applications such as surface-enhanced Raman
spectroscopy,®  ° sensing,®8 photocatalysis®14 and
optoelectronics.1>1° The frequency of the LSPR band depends

on both the type of material (e.g., Au, Ag or Cu), and the shape

resonance

and size of the nanoparticles.> 4

Triangular Ag nanoparticles have high extinction coefficients
and their optical properties are easily tunable by changing the
edge length.2° In addition to this, they exhibit very intense near
fields as the charge that arises from the plasmon oscillations is
concentrated near the tips. Because of this strong LSPR and the
corresponding strong near field effects, they have been efficient
materials for light harvesting applications.15 21-23 However, a
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This journal is © The Royal Society of Chemistry 20xx

major concern with these materials is their stability.2* There
have studies, both and
experimental, on the stability of Ag nanotriangles. Any
oxidation promoting reagents such as halide ions?* 25 and
thiols2® attack the tips of the triangles, causing a change in
particle morphology which affects their optical properties. In
addition to these chemical reagents, UV irradiation?’ 28 and

been numerous theoretical

heating the colloidal solutions28-30 also have detrimental effects
on the morphology of these triangles. All of the above
treatments degrade the tips of the triangle, and similar
behaviour is observed for other particles with sharp features,
such as nanowires,3% 31 tetrahedra,3?2 and nanocubes.?3 To
protect them from chemical etching agents, such particles are
often coated with different materials such as SiO,,15 34 TiO,3%
and Au.?3 24 36 However, protecting the nanotriangles from
thermal degradation is quite challenging, and the presence of
porous SiO; or TiO, shells may not be enough to prevent
decomposition. Lei et al. observed the degradation of Ag
nanospheres at elevated temperatures even after coating with
a thin silica shell, as oxygen from the atmosphere diffused
through the porous silica and led to the oxidation of the Ag
core.?’

The stability of nanoparticles depends on their surface
energy. Ag has a face centered cubic crystal structure, and the
triangular nanoparticles are enclosed by low energy (111)
planes on their basal surfaces and high energy (110) or (100)
planes on their edges.3% The surface energies of these crystal
planes follow the order (100) > (110) > (111).38 As per the Gibbs-
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Thomson effect, the tips are even more unstable than the
edges, since they are formed by the intersection of two high
energy facets (the edges). Hence, the decomposition of these
particles begins with the dissociation of atoms from the tips,
followed by the edges.3® The dissociated atoms are either
redeposited on the more stable basal planes, leading to the
formation of thick nanodiscs, or they completely detach from
the nanoparticle resulting in a reduction in the overall particle
size.2%.3%9 Tang et al. observed dissociation of Ag atoms from the
tips of triangles and the formation of circular nanodiscs upon
aging Ag nanotriangles at 95 °C.2° Upon irradiating the solution
of degraded Ag nanotriangles with a sodium lamp,
reconstruction to the original morphology of nanotriangles was
observed.? Many groups have similarly used mild heating in
solvent as a route for synthesizing Ag circular nanodiscs from
triangular precursors.2® 40 Although it is clear that the Ag
nanotriangles are forming circular nanodiscs upon
decomposition, there are several questions that are left
unaddressed about the mechanism of degradation. It has been
noted that the overall size of the nanoparticles decreases upon
annealing at elevated temperatures,?* 2° where the fate of the
dissociated atoms needs to be fully understood.

Here, we elucidate the mechanism of thermal degradation
of Ag@SiO, nanotriangles by using X-ray absorption
spectroscopy (XAS). XAS is a powerful tool for understanding
changes in oxidation state, atomic environment and first shell
coordination number (and thus average particle size) during the
shape transformation of the nanotriangles. We synthesized the
Ag@SiO; nanotriangles and annealed them in both air and N,
atmospheres at different temperatures, ranging from 150 °C to
600 °C. The Ag K-edge spectra were recorded for all samples
before and after annealing. Our analysis showed that upon
annealing the Ag@SiO; nanotriangles in air, the Ag core breaks
up to form multiple smaller Ag particles. We hypothesize that
the Ag core is first oxidized to Ag«O, which then further
dissociates to form small Ag nanoparticles in the pores of the
silica spheres. Further evidence for this mechanism is found by
studying samples annealed in N,, which do not show such
formation of small Ag nanoparticles.

Experimental
Materials and methods

nitrate (99%), sodium borohydride (98%),
hydrogen peroxide (30% w/w), were purchased from Fisher
Scientific. Trisodium citrate dihydrate (= 96%), poly (N-
(PVP, = 99%, MW 40,000 g/mol), 16-
mercaptohexadecanoic acid (MHA, 90%), tetraethoxysilane
(TEOS, 99%), (40%
purchased from Sigma-Aldrich. All chemicals were used as
received without further purification. Deionized water (18.2
MQ-cm) was obtained from a Milli-Q water purification system.

Silver and

vinylpyrrolidone)

and N,N-dimethylamine w/v) were

Synthesis of Ag and Ag@SiO; nanotriangles

Triangular Ag and Ag@SiO; nanoparticles were synthesized by
using existing procedures.'5 41 To 248 mL of deionized water,

2| J. Name., 2012, 00, 1-3

aqueous solutions of AgNO3 (500 pL, 50 mM), trisodium citrate
(5 mL, 75 mM), PVP (1 mL, 17.5 mM) and H,0, (600 pL) were
added. Finally, agueous NaBH4 (2.5 mL, 0.1 M) was rapidly
injected into the solution. After the formation of a blue
coloured solution, the nanotriangles were collected by
centrifugation (10,000 g, 3.5 h).

After centrifugation, the nanotriangles were dispersed in
100 mL deionized water, followed by the addition of an
ethanolic MHA solution (1.5 mL, 5 mM) and stirring for 10 min.
The MHA-functionalized Ag nanotriangles were centrifuged
(10,000 g, 3.5h) and redispersed in ethanolic TEOS (20 mL, 16
mM). After 2 min of stirring, aqueous dimethylamine (2 mL, 20%
w/v) was added and the solution was stirred for 12 h. The
Ag@SiO; nanotriangles were collected by centrifugation
(10,000 g, 1 h) and dried at room temperature. To prepare the
SiO,@Ag control samples (triangular Ag nanoparticles adsorbed
on SiO; spheres), first SiO, nanospheres were synthesized by
stirring a mixture of TEOS and dimethylamine (using the same
concentrations as above) for 12 h in ethanol. After purifying the
SiO; nanoparticles by centrifugation and redispersion, an
aqueous solution of MHA-functionalized Ag nanotriangles was
added and stirred for 2 h. The SiO.@Ag sample was then
isolated by centrifugation.

Thermal annealing studies

To study the thermal degradation of the Ag@SiO,
nanotriangles, they were annealed at different temperatures
(150 °C, 300 °C, 450 °C and 600 °C) in either an air or N3
atmosphere. The samples were heated at a rate of 10 °C/min
and the dwell time at the final temperature was 15 min. A
Lindberg/Blue M tube furnace was used to carry out the
annealing studies, and a flow of N, was used to generate the N,
atmosphere.

Characterization

Transmission electron microscopy (TEM) images were
collected using a Hitachi HT7700 TEM operating at 100 kV. TEM
samples were prepared by drop casting the nanoparticle
solution onto a carbon-coated 300 mesh Cu TEM grid.

UV-visspectra were measured using a Varian Cary 50 Bio
UV-vis spectrophotometer with an optical path length of 1 cm.

X-ray absorption measurements were performed at the
Hard X-ray MicroAnalysis (HXMA) beamline 061D-1 (energy
range 5-40 keV; resolution, 1 x 104 AE/E) at the Canadian Light
Source (CLS, 2.9 GeV storage ring, 250 mA current). A double-
crystal Si monochromator was used for energy selection of the
Ag K-edge (25514 eV). All samples were in the form of solid
powders and were mixed with boron nitride (to give a 5% w/w
Ag loading) and then pelletized before analysis. Measurements
were taken in both transmission and fluorescence mode
concurrently. The data analysis and extended X-ray Absorption
Fine Structure (EXAFS) fitting were performed by using the
IFEFFIT software package.*2 43 We used Ag (Fm-3m)
crystallographic data to fit the Ag-foil spectrum. First, fitting was
performed on the Ag-foil spectrum, keeping the coordination
number fixed (CN = 12) in order to determine the amplitude

This journal is © The Royal Society of Chemistry 20xx
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reduction factor (So2). From this fitting, the amplitude reduction
factor determined for the Ag-foil was 0.973 and was used for
the subsequent sample fits.

Results and discussion

Ag@SiO; nanotriangles were first synthesized by following
previously published procedures.!> Briefly, the Ag nanotriangles
were synthesized by reducing AgNOs; using NaBH; in the
presence of trisodium citrate and H,0,. Subsequently, these
nanotriangles were functionalized with 16-
mercaptohexadecanoic acid. These functionalized Ag
nanotriangles were then used to prepare the Ag@SiO,
core@shell nanotriangles using a Stéber sol-gel process. The
nanoparticles were then characterized by UV-vis spectroscopy
and transition electron microscopy. Fig. S1la shows the UV-vis
spectra of the MHA-functionalized and Ag@SiO; nanotriangles.
The peak at 725 nm, the shoulder at 490 nm, and the peak at
330 nm can be ascribed to the in-plane dipole, in-plane
quadrupole, and the out-of-plane quadrupole plasmon modes,
respectively. TEM images were recorded for these samples, and
are shown in Fig. S1b. TEM shows the presence of a ~ 30 nm
thick silica shell around the Ag nanotriangles.

Thermal degradation study of Ag@SiO, using UV-vis and TEM

After synthesizing the Ag@SiO, nanotriangles, they were
subjected to different annealing temperatures in order to
understand their thermal stability. The annealing temperatures
were varied from 150 °C to 600 °C, and the annealing was done
in both air and N, atmospheres. After annealing, the samples
were redispersed in ethanol by sonication, characterized by UV-
vis and TEM, and compared with the samples before annealing.
Fig. 1 shows the normalized UV-vis spectra of the
Ag@SiO, samples before and after annealing in air (Fig. 1a) and
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Fig. 1 Normalized UV-vis absorption spectra of Ag@SiO, nanotriangles after annealing in
either an (a) air or (b) N, atmosphere.

N> (Fig. 1b). The plasmon bands of the Ag@SiO, nanotriangles
that had been annealed in air were immediately and
dramatically blue-shifted (Aspr = 420-440 nm) when compared
to the as-synthesized nanotriangles (Aispr= 720 nm). The degree
of blue-shifting was dependent on the annealing temperature,
with the highest annealing temperature (600 °C) producing the
most blue-shifted plasmon band (Aispr = 419 nm). In contrast,
the samples annealed in N, showed a much more modest blue-
shift upon annealing. The peak corresponding to the LSPR in-
plane dipole mode blue-shifts from 720 nm to 660 nm upon
annealing at 150 °C, and it blue-shifts further upon annealing at
higher temperatures (615, 615, and 580 nm after annealing at
300, 450, and 600 °C, respectively). An additional peak at ca. 440
nm also appears in the spectra of all post-annealed samples. In
the case of triangular nanoparticles, this gradual blue-shifting of
the plasmon peak is generally attributed to a rounding of the
particle tips and the resulting formation of nanodiscs; however,
the distinct peak at ca. 420-440 nm is typical of spherical Ag
nanoparticles. This suggests that the samples annealed in air are
rapidly degraded into spherical byproducts, whereas the
samples annealed in N; undergo a much more gradual
morphology change.

In order to better understand these changes in particle
morphology, we characterized the samples using TEM. Fig. 2
shows the TEM images of Ag@SiO, nanotriangles after
annealing in air (Fig. 2a-d) and N, (Fig. 2e-h) atmospheres. The
nanotriangles that were annealed in air at 150 °C showed the

Fig. 2 TEM images of the Ag@SiO, nanotriangles after annealing in either (a-d) air, or (e-h) N, atmos,

s =

pheres. The samples were annealed at: (a,e) 150 °C, (b,f) 300 °C, (c,g) 450 °C, and

(d,h) 600 °C. The scale bars in the main images are 100 nm, while those in the insets are 20 nm.

This journal is © The Royal Society of Chemistry 20xx
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presence of round Ag core particles surrounded by a number of
smaller nanoparticles embedded in the silica shell (Fig. 2a).
Upon increasing the annealing temperature to 300 °C the Ag
core shrunk further, in some cases leaving behind a hollow void
in the silica shell. After annealing at either 150 or 300 °C, the Ag
core was ca. 5 nm in diameter, and was surrounded by a large
number of smaller particles (Fig. 2a and 2b inset). These larger
Ag nanoparticles at the core of the SiO; shell are assumed to be
the remnants of the original triangular Ag nanoparticles, while
the smaller nanoparticles are formed from the material lost as
the sharp tips decompose and fragment. After increasing the
annealing temperature to 450 or 600 °C, the Ag cores
completely disappeared. At these temperatures, the triangular
core was completely fragmented into small Ag nanoparticles,
leaving behind a hollow silica sphere (Fig. 2c-d). The size of
these fragmented Ag nanoparticles was found to be relatively
independent of temperature, with 450 °C (d = 2.5+ 0.4 nm) and
600 °C (d = 2.3 £ 0.4 nm) producing similar sizes. These results
are consistent with the UV-vis data presented previously; in all
cases, only
observed, in agreement with the plasmon bands located at 420-

relatively small, spherical nanoparticles are
440 nm. The larger cores observed in Fig. 2a and 2b would be
expected to give rise to the plasmon bands at longer
wavelengths (Aispr = 440 nm, Fig. 1a) than the smaller particles
observed in Fig. 2c and 2d (Aispr = 420 nm, Fig. 1a).

The formation of hollow silica spheres has been observed
previously by Lei et al. for spherical Ag@SiO, nanoparticles3’
and Kim et al.** for FeEAUPd@SiO; nanoparticles after annealing
the nanoparticles in air, which could be due to the diffusion of
metal from the core. However, in neither of these cases did the
central core fragment into smaller particles. In the present case,
we hypothesize that the reason for the formation of such small
Ag nanoparticles could be the size of the pores in SiO; around
the Ag core.

In order to better understand this phenomenon, we
synthesized Ag nanotriangles on a SiO; support (SiO,@Ag) and
annealed them at 450 °C and 600 °C. Fig. S2 shows the TEM
images of the SiO,@Ag nanoparticles after annealing. After
annealing at 450 °C, spherical Ag nanoparticles were observed
(Fig. S2b) and the size (11.0 £ 3.5 nm) of these nanoparticles was
found to be much higher than for those formed upon Ag@SiO,
annealing (Fig. 2c, d ~ 2.5 nm). Unlike the Ag@SiO, samples, for
SiO,@Ag there is no silica shell around the Ag nanotriangles to
control the size of the particles formed after annealing. Upon
increasing the annealing temperature to 600 °C, the SiO,@Ag
samples yielded smaller (7.5 £ 2.4 nm) nanopatrticles (Fig. S2c).
However, in both cases the Ag nanoparticles are still larger than
those resulting from annealing of the Ag@SiO, samples. This
indicates that, upon annealing the triangular Ag@SiO,
core@shell nanoparticles, the silica shell restricts the ultimate
size of the resulting Ag nanoparticles.

All of the samples annealed in a N, atmosphere showed the
presence of residual Ag cores in the TEM images (Fig. 2e-h),
regardless of annealing temperature. At low temperatures (150
°C), the core particle was only slightly rounded (Fig. 2e), in
keeping with the modest blue-shift observed in the UV-vis

4| J. Name., 2012, 00, 1-3

spectrum (Fig. 1b). The degree of rounding is correlated with
the annealing temperature, with the samples annealed at the
highest temperatures having the smallest and roundest Ag
cores. Again, this agrees with the more pronounced blue-shift
of the plasmon bands observed in these samples (Fig. 1b).
Unlike the samples annealed in air, no small particles were seen
by TEM, indicating that the O, in the air is needed for the
formation these small particles.

The thermal stability of the silver nanoparticles depends on
the particle size and shape. Ag nanotriangles have a high aspect
ratio, with (111) planes on the basal facets and either (110) or
(100) planes on the edge facets. 30 As a result, the edges have a
higher surface energy than the basal facets, hence they are less
stable to corrosion. The vertices are even more unstable, since
at vertices the two high energy edge facets intersect. Hence,
upon annealing the Ag@SiO; nanotriangles, the decomposition
process begins with the tips. In the presence of air, we
hypothesize that the Ag core interacts with atmospheric oxygen
and oxidizes to Agx0.37> 45 46 The atoms in the vertices are
oxidized first; dissociation of the oxidized material leaves
behind the circular nanoparticles observed in the cores of the
SiO; particles (Fig. 2a-b). The smaller nanoparticles observed
throughout the SiO; particle are then presumably composed of
the dissociated material that was lost from the particle tips.
Upon increasing the annealing temperature the Ag core further
dissociates, leaving behind nothing but the smaller particles
(Fig. 2c-d). In the presence of a N, atmosphere, since there is no
possibility of Ag oxidation, we noticed a different change in the
morphology of the Ag nanotriangles. This could be attributed to
the migration of atoms from the tips (highly unstable features)
to the more stable basal planes. The resulting morphology after
migration is a particle with rounded tips and a similar overall
size (Fig. 2e-f). This process becomes severe at higher annealing
temperatures (Fig. 2g-h), which can lead to a complete rounding
of the edges, and the deposition of a large number of atoms on
the basal facets. This results in a pseudo-spherical nanoparticle,
consistent with both the TEM images (Fig. 2g-h) and the LSPR
band at ca. 420 nm (Fig. 1b). Such temperature dependent
atomic migrations have been previously observed in modelling
studies on Ag nanowires.3°

Thermal degradation study of Ag@SiO; using XANES and EXAFS
analysis

Since UV-vis spectroscopy and TEM provide no information
on either the oxidation state or coordination environment of
the resulting Ag@SiO, nanoparticles, we collected Ag K-edge X-
ray absorption spectra. XANES (X-ray absorption near edge
structure) spectroscopy is very specific to changes in valency,
and EXAFS (extended X-ray absorption fine structure) is specific
to the coordination environment of the absorbing metal atoms.
The Ag K-edge spectra of all the samples were compared with
reference spectra of Ag-foil and Ag,O standards. The XANES
spectra of Ag@SiO; nanotriangles before and after annealing in
air and Nz are shown in Fig. 3. Ag has a strong K-edge feature at
25514 eV which arises from dipole-allowed 2s to 5p transitions.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Ag K-edge (a,b) XANES and (c,d) FT-EXAFS spectra of Ag@SiO, nanotriangles annealed in (a,c) air and (b,d) N,. All spectra were collected at room temperature.

The near edge features of all samples were similar to those of
the reference Ag-foil spectra. However, the samples annealed
in air showed a decrease in the intensities of the near-edge
peaks compared to the reference Ag-foil spectrum. This
decrease in the intensity of these peaks with an increase in
annealing temperature is due to a decrease in the size of the Ag
nanoparticle (resulting in a lower overall coordination number
for the Ag atoms). Such changes were not seen in the case of
the Ag@SiO, samples annealed in N,. Regardless of annealing
atmosphere and temperature, none of the samples showed
spectral features matching those of the Ag,0 reference, which
indicates the presence of little-to-no Ag,O in the annealed
samples.

We also performed an EXAFS analysis to study the changes
in Ag coordination environment upon annealing the Ag@SiO,
nanoparticles. The EXAFS region is very sensitive to the bonding
environment around the scattering atom. To study this, Ag K-
edge spectra of all the samples annealed in air and N, were
plotted as the Fourier-transformed radial distribution function
(FT-EXAFS) and the first coordination shell of Ag was fit using a
Ag fcc model. Fig. 3c and 3d show the experimental FT-EXAFS
spectra of the Ag@SiO, samples in R space. All the samples

This journal is © The Royal Society of Chemistry 20xx

showed peaks at 2.18 A and 2.67 A, which match well with the
reference Ag foil spectra and are due to Ag-Ag first shell
contributions. The Ag,0 bulk material standard spectra shows a
major peak at 1.56 A, which is due the first shell Ag-O
contribution. Although the Ag@SiO, nanoparticles were
annealed in air, none of the spectra have a peak at 1.56 A,
indicating a lack of oxidation in the annealed samples (i.e., they
are almost completely Ag(0)). However, the intensity of the
peak corresponding to the first shell Ag-Ag contribution
decreases as the annealing temperature is increased from 150
°C to 600 °C in air. The intensity of this peak in the FT-EXAFS
spectra is directly proportional to the Ag-Ag coordination
number (note that the spectra are collected at room
temperature after annealing). Hence, for the samples annealed
in air, there is a decrease in the average Ag-Ag coordination
number with increasing annealing temperature; this is directly
correlated with a decrease in the size of the particles, as for
smaller particles a higher percentage of Ag atoms are under-
coordinated on the particle surface. The samples annealed in N,
showed much more modest changes in the intensity of the Ag-
Ag peak, indicating relatively little change in the overall particle
size upon annealing in N,. This is in agreement with the TEM

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 EXAFS fitting of Ag@SiO, nanotriangles annealed in (a) air and (b) N, at different temperatures. All spectra were collected at room temperature after annealing.

Table. 1 EXAFS fitting parameters of Ag@SiO, nanotriangles annealed in air and N, at different temperatures, the amplitude factor for the fittings was kept at fixed value of 0.973

Ag@si0, Air N.
Annealing Temperature | o\ 1o no) | R/A (Ag-Ag) | o/ A? E. (shift)/eV | CN (Ag-Ag) | R/A (Ag-Ag) oA Eo (shift)/ eV
RT 10.3 (6) 2.855 (4) 0.0102 (6) 2.0 (3) N/A N/A N/A N/A
150°C 9.0 (5) 2.860 (4) 0.0102 (5) 1.9 (3) 9.1(4) 2.853 (6) 0.0098 (6) 13(3)
300°C 8.8 (5) 2.858 (4) 0.0105 (6) 15(3) 10.2 (6) 2.860 (6) 0.0111 (9) 1.4 (4)
450°C 6.6 (3) 2.861 (4) 0.0109 (5) 0.8(3) 10.0 (6) 2.860 (5) 0.0106 (6) 1.5 (3)
600 °C 5.2 (4) 2.863 (6) 0.0108 (8) 1.7 (4) 10.5 (6) 2.861 (4) 0.0106 (6) 0.9(3)

data, where the samples annealed at higher temperatures in air
showed the presence of numerous small nanoparticles inside
the silica sphere (Fig. 2a-d), whereas for the samples annealed
in Ny, only larger particles at the core of the SiO, shell were
observed (Fig. 2e-h).

To quantify these findings, EXAFS fitting was performed for
all the samples using existing Ag crystallographic data (Fm-3m).
Only the first shell single scattering path Ago,-Agy (Refr= 2.88 A,
degeneracy = 12) was used as a model for fitting. The
experimental EXAFS plot in R-space, along with the simulated
EXAFS fitting of all the samples, is shown in Fig. 4 and the
corresponding fitting parameters are tabulated in Table 1. A
decrease in the 15t shell Ag-Ag coordination number with an
increase in the annealing temperatures was observed for the

6| J. Name., 2012, 00, 1-3

samples annealed in air. This implies a decrease in the average
size of the particles with an increase in annealing temperature,
which is in agreement with the observed formation of small Ag
nanoparticles (d ~ 3 nm) and complete loss of the central Ag
core at higher annealing temperatures. Samples calcined at
higher temperatures (450 °C, 600 °C) have low coordination
numbers (6.6 and 5.2, respectively), indicating the presence of
very small particles with a large number of surface atoms (< 2.5
nm). In the case of the samples annealed in N3, only a small
increase in the 1st shell Ag-Ag coordination number was
observed, which is consistent with the migration of highly
under-coordinated atoms from the tips of the triangles to the
more stable basal planes, but an overall retention of the particle
size.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Proposed thermal degradation mechanism of Ag nanotriangles in air and N,. The
silica shell is omitted for clarity.

small Ag
nanoparticles

It is known that Ag is prone to oxidation at elevated
temperatures; however, from the EXAFS analysis there was no
significant presence of Ag,O after annealing in air. This indicates
that any oxidation products must dissociate back to Ag and O,.
We postulate that upon annealing the Ag@SiO, nanotriangles
in air, initially the vertices are oxidized to AgsO; this detaches
from the triangle, leading to a rounding of the particle shape
(Fig. 5). The dissociated AgsO then decomposes back into small
Ag nanoparticles and 0,.37 47 This oxidation and dissociation
process depends on both the annealing temperature and
atmosphere. By TEM, it can be observed that these small Ag
nanoparticles are spread throughout the silica sphere. The silver
that is lost from the nanotriangle tips clearly diffuses inside the
silica shell (either as AgxO or metallic Ag), but due to the thick
silica shell, has difficulty reaching the particle surface. In the
case of samples annealed in N,, these small Ag nanoparticles
were not seen; in the absence of any oxidation/dissociation
process, the observed changes in particle morphology are most
likely due to atomic migration from less stable surfaces to more
stable basal planes. A simplified mechanism of this thermal
decomposition process is shown in Fig. 5.

Conclusions

Using a combination of UV-vis spectroscopy, TEM and X-ray
absorption spectroscopy, we have established a detailed
mechanism for the degradation of Ag@SiO;
nanotriangles. Under all conditions studied, the triangular
Ag@SiO;
displayed pronounced morphological changes. In the presence

thermal

nanoparticles were found to be unstable, and
of air and at low annealing temperatures, truncation of the
nanotriangles’ tips was observed, and led to the formation of
small nanoparticles surrounding the remaining Ag core. At
higher temperatures the entire Ag core fragmented into these
smaller nanoparticles. Our XANES and EXAFS analysis showed
that these small particles are Ag(0), and provided further
evidence of a decrease in particle size. The samples annealed in
N, yielded truncated nanotriangles (rounded particles) without
the formation of any small nanoparticles. This suggested that
the Ag@SiO;, samples annealed in air first oxidize to Ag4O and
subsequently decompose back to Ag(0). Understanding the
mechanisms by which these unique nanomaterials degrade is
the first step toward developing more stable compounds that
could be exploited in a wide variety of plasmonic applications.

This journal is © The Royal Society of Chemistry 20xx
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