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ABSTRACT: In any given matrix control over the final particle size
distribution requires a constitutive understanding of the mechanisms and
kinetics of the particle evolution. In this contribution we report on the
formation mechanism of silver nanoparticles embedded in a soda-lime
silicate glass matrix. For the silver ion-exchanged glass it is shown that at
temperatures below 410 °C only molecular clusters (diameter <1 nm) are
forming which are most likely silver dimers. These clusters grow to
nanoparticles (diameter >1 nm) by annealing above this threshold
temperature of 410 °C. It is evidenced that the growth and thus the final silver nanoparticle size are determined by matrix-
assisted reduction mechanisms. As a consequence, particle growth proceeds after the initial formation of stable clusters by
addition of silver monomers which diffuse from the glass matrix. This is in contrast to the widely accepted concept of particle
growth in metal−glass systems, in which it is assumed that the nanoparticle formation is predominantly governed by Ostwald
ripening processes.

■ INTRODUCTION

Noble metal nanoparticles are one of the most intensively
studied nanoscale materials due to their unique properties
which make them attractive to numerous promising applica-
tions in medicine,1,2 biotechnology,3,4 catalysis,5,6 and opto-
electronics.7,8 The favored applications require defined proper-
ties, which are in general determined by the particle size and
shape, the interparticle distance, volume concentration, and
chemical composition. To obtain the demanded nanoparticles
in the desired matrix (solution, gel, glass, etc.), a profound
understanding of the underlying mechanism of particle
formation is essential. In recent publications, we were able to
determine fundamental growth mechanisms for several
colloidal metal nanoparticle syntheses.9−11

Due to its homogeneity, transparency, and solubility
properties, soda-lime silicate glass is excellently suited as a
matrix for fundamental research which requires minimal
chemical interaction between the clusters and the host matrix.
Moreover, glass matrices provide long-term stability of metal
nanoparticles and smaller clusters. In glass even the smallest
metal clusters can be stabilized and investigated.12,13

The history of gold−ruby glasses which contain also silver
nanoparticles goes back to the Roman Empire. Silver-stained
glasses are known since the early 14th century. The first datable
example of silver-containing glasses are windows in the parish
church of Le Mesnil-Villeman, France (1313)14 The first
known written report about the fabrication of noble metal-

containing glasses was published in 1689 by Johannes
Kunckel.15

Composite materials containing noble metal nanoparticles
have attracted enormous attention in the last years due to novel
photonic media in optoelectronics or for nonlinear optics.16−18

Metal nanoparticles in glasses are considered with extensive
interest for optical switching and filtering19,20 and as high-
capacity optical recording media.21

Advanced applications demand a well-defined particle size.
So far, precise size control has not been straightforward for any
kind of metal−glass system, and the problem of size-controlled
synthesis is not solved yet. The knowledge of the mechanism
that governs the growth is the prerequisite to improve
nanoparticle syntheses in glass matrices. This demands
experimental information about the particle size and concen-
tration at the different stages of the synthetic procedure.
Common routes to generate metal nanoparticles in glass

systems are the melt−quench technique,22,23 sol−gel meth-
ods,24,25 ion implantation,26−28 and the ion-exchange meth-
od.29−31 Among these methods the ion exchange is favorable in
different aspects: (i) it is very efficient for the introduction of
very high concentrations of metal ions, (ii) the glass remains
intact (unlike the ion implantation technique, which introduces
high damage in the glass matrix), and (iii) it can easily be
upscaled which enables mass production of composite materials
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containing metal nanoparticles. In addition, this method allows
theoretically the separation of the ion-insertion process from
the growth which can be essential for particle size control.
Therefore, the ion-exchange method was chosen to introduce
the metal species into the glass matrix. Soda-lime silicate glass
was used which is the best-known and most investigated
example of an engineered amorphous solid.32 Recently, the
structure of silicate glass could be identified on the atomic
scale.33 Ion-exchanged glasses are routinely used for glass
strengthening34 and gradient waveguide fabrication.35,36 The
ion-exchange method leads to a gradient silver ion concen-
tration and is used for surface modification of the glass. The
high silver ion concentration in the close vicinity of the glass
surface can play an important role for sensor applications.37,38

Recently, we demonstrated that low concentrations of
biomolecules can be detected on silver ion-exchanged glasses
using surface-enhanced Raman scattering (SERS).39

In this contribution the growth of silver nanoparticles in
soda-lime silicate glass is investigated. Samples were prepared
by a combined chemical and thermal treatment consisting of
two steps: (1) metal ion introduction and (2) subsequent
thermal treatment. This synthesis procedure separates the ion-
insertion process from the actual particle growth. The particle
formation is initiated by thermal treatment. Experiments were
made on two sets of samples, which were prepared by either:
(i) annealing of ion-exchanged samples at different temper-
atures or (ii) annealing of ion-exchanged samples at constant
temperature for different periods of time. A schematic
illustration of the sample preparation is depicted in Figure 1.

■ RESULTS AND DISCUSSION
Each single step of the sample preparation, and thus particle
formation, was investigated by combined experiments using
small-angle X-ray scattering (SAXS), transmission electron
microscopy (TEM), and optical absorption and emission
spectroscopy. In addition, anomalous small-angle X-ray
scattering (ASAXS) was used to support the interpretation of
the SAXS data. These methods provide information about
particles sizes and concentrations as well as the corresponding
optical properties. From the combined experiments the
mechanism of the silver nanoparticle formation in soda-lime
silicate glass is deduced. In this contribution the notation
“clusters” is used for particles with diameters (d) less than 1
nm.
Ion-exchange. Silver ions were introduced into the glass by

immersing the glass slides into a bath of a molten salt mixture
of AgNO3/NaNO3 (1:2). Sodium ions from the surface and the
subsurface region of the glass are substituted by the silver ions.
Extended ion-exchange duration leads to an increased
penetration depth. Depth profiles were recorded with energy

dispersive X-ray spectroscopy (EDX) from the cross sections of
silver ion-exchanged glasses (Figure 2). The total amount of
silver introduced into the glass corresponds to:40

π=M C D t2 ( / )t 0 T
1/2

(1)

where C0 represents the surface concentration, DT the
temperature dependent diffusion coefficient of silver ions and
t the duration of ion-exchange. The area under the
concentration profile curve corresponds to the total amount
of silver Mt. For the following investigations silver ion exchange
was carried out for 60 min at 360 °C which leads to an average
amount of silver of 9.75 wt % in a silver-containing layer of ∼30
μm.

After 60 min of ion exchange, the samples are pale-yellow
and remain transparent. The ion-exchanged samples show a
slight absorption below 320 nm (Figure 3a). This absorption
arises most likely from small silver clusters. Several cluster sizes
are known to absorb in that UV range: Ag6 and Ag60 clusters in
a He matrix absorb between 320 and 344 nm;41 Ag2, Ag3, and
Ag4 in an Ar matrix at 227 and 261 nm, 245 nm, and 273 and
283 nm, respectively;42 Ag1−Ag4,43 Ag6 and Ag8,

44 and Ag7
7

clusters in aqueous solution at around 260, 324, 347, and 350
nm, respectively. Furthermore, glass defects such as trapped
electrons could contribute to the observed UV band.45,46

However, the ion-exchanged samples show no plasmon
resonance coming from silver nanoparticles (around 400 nm).
The silver ion-exchanged glass samples exhibit a green

luminescence at an excitation wavelength (λexc) of 337 nm. The
emission ranges from 400 to 800 nm (Figure 3b) with distinct
maxima at 485, 521, 560, and 611 nm, and an additional
shoulder at 670 nm. For the maximum at 560 nm a
photoluminescence excitation (PLE) spectrum was recorded
(see Figure S1 in the Supporting Information). This excitation
spectrum ranges from 250 to 450 nm and exhibits two
prominent maxima at 355 and 395 nm and an additional
shoulder at 300 nm. The observed luminescence could
originate from small silver clusters. Several publications
describe the fluorescence of small silver clusters (Ag2−Ag12)
with similar PL maximum peaks and absorption features.7,47−50

These observations are slightly different from the fluorescence
of the silver clusters in the glass matrix. The PL obtained for the
silver ion-exchanged glasses match perfectly with those
reported for gold clusters in soda-lime silicate glasses by

Figure 1. Schematic illustration of the sample preparation.

Figure 2. Cross-sectional ESEM picture (background image) and
corresponding silver concentration profile of the ion-exchanged glass
(green dots), recorded with EDX analysis. The recorded concentration
profile was fitted using an exponential curve fit (red line). For EDX
analysis the silver ion-exchanged sample was prepared in the cross-
sectional profile (shown in the inset).
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Eichelbaum et al.51 The range, shape, and maximum position of
the reported luminescence of the glass containing gold clusters
is identical to our measurements. The superimposed PL spectra
of a gold and silver glass is shown in Figure S2 in the
Supporting Information.

Moreover, the PL lifetime of the gold-containing glass, τ = 30
μs, is in perfect agreement with our measurements for the silver
glass, τ = 29.5 μs (see Figure S3 in the Supporting
Information). Thus, the observed luminescence has most likely
the same origin and is related to the glass matrix. Besides the
microsecond component also a nanosecond decay for silver
clusters has been reported, indicating that multiple types of
emissive species are present52−54In the gold-containing glass
the observed luminescence was attributed to the glass-intrinsic
luminescence center, abbreviated as the L-center.51 The L-
center consists of a silanolate unit with a sodium ion bound to
the lone pair of one of the oxygens (nonbridging oxygen,
NBO).55 In the gold containing soda-lime silicate glasses the L-
center emission is activated by metallic clusters.51 The gold
clusters, absorbing the UV light (337 nm), act as donors in a
resonance energy transfer process toward the L-center. In the
PLE spectrum of the gold containing glass three maxima at 240
nm, 300 nm, and 340 nm can be identified whereas the silver
containing glasses show maxima at 300 nm, 355 nm, 395 nm.
This difference between the PLE spectra is characteristic for an
energy transfer process since the excitation spectrum is assigned
to the absorption of the donor species. Consequently, the
observed luminescence originates most likely from an energy
transfer to the L-center from molecular silver clusters56 (N ≤
10) as the absorbing centers.
SAXS and ASAXS measurements of the 60-min ion-

exchanged sample reveal that small structures with less than 1
nm in diameter are present (Figure 4a). For comparison a
SAXS curve of fullerene (C60) in toluene is shown. Fitting a
spherical form factor57 to the fullerene scattering curve exhibits
a size of 0.8 nm in diameter. The curve shape of the silver
sample is similar to this obtained for fullerenes, indicating that
very small structures associated with silver are present. The
curve shape indicates that these silver structures are smaller

than the size of a fullerene. A fit of the scattering curve of the
silver ion-exchanged sample with a spherical form factor of hard
spheres reveals an average size of 0.6 nm in diameter. However,
small differences in this size regime are difficult to determine
and the size of the silver structures can be estimated to 0.6 ±
0.1 nm in diameter. ASAXS measurements show unambigu-
ously that these structures originate from silver (see Figure 4b).
The ASAXS measurements were performed at three different
photon energies, below and at the Ag absorption K-edge
(25516 eV). The scattering curves measured at 25509 eV
(highest energy, E3) and at 25051 eV (lowest energy, E1) are
shown in Figure 4b. The difference of these scattering curves
reveals the contribution of silver to the scattering. Despite the
low statistical accuracy the difference curve has approximately
the same shape as the standard SAXS curves which are
therefore caused by scattering from silver.
The findings for the ion-exchange step are: (i) structures

with dimensions of <1 nm in diameter are present in the glass
(SAXS), (ii) these structures originate from silver (ASAXS),
(iii) the characteristic silver nanoparticle plasmon band is not
observed in the absorption spectra, and (iv) the samples
luminesce weakly. The small silver entities with diameters of
about 0.6 nm, which was determined with (A)SAXS, could be
small silver clusters, silver ions or silver ion aggregates.58The PL
intensity of the ion-exchanged samples is weak and increases
when more clusters are formed during annealing (see Figure 5).
Therefore it can be concluded that after ion exchange the
majority of silver is present in the form of silver ions which do
not contribute to the luminescence. The predominant presence
of silver ions in ion-exchanged glasses has been observed by
several groups. As reported by the groups of Yang et al., Dubiel
et al., and Houde-Walter et al. from EXAFS experiments the
size of the silver structures determined with SAXS fits to single
silver ions in their oxygen coordination sphere or silver ion
pairs.59−61

As a result, the ion-exchanged glasses contain primarily silver
ions but also few clusters as deduced from the PL measure-
ments. The cluster formation indicates that parts of the silver
ions must have been reduced during the ion-exchange process
at 360 °C.

Annealing at Different Temperatures. As depicted in
Figure 1 the ion-exchanged samples were annealed to initiate
the silver particle formation. In this section the influence of
annealing temperature on the particle growth is examined. The

Figure 3. Photograph of (a) the ion-exchanged glass with pale-yellow
color and (b) of the green luminescence under λexc = 337 nm
excitation. (c) Absorption spectrum of the ion-exchanged glass. (d) PL
spectrum recorded with λexc = 337.1 nm.

Figure 4. (a) SAXS curve of the ion-exchanged glass (AgIE) and the fit
to this curve. For comparison the scattering curve with the
corresponding fit of fullerenes (C60) in toluene is included. (b)
ASAXS curves recorded at 25509 eV (E3) and 25051 eV (E1) and
their difference for the ion-exchanged glass. The constant (C = 0.21)
accounts for fluorescence background correction. Also a scattering
from a theoretical form factor of a sphere of radius R = 0.3 nm is
shown (dashed line).
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growth was studied in a temperature range of 100−600 °C with
an annealing time of 30 min.
Absorption spectra were recorded for samples annealed at

different temperatures in steps of 50 °C (see Figure 5a).
Annealing the silver glass samples below 400 °C leads to a
slight increase of the absorbance below 350 nm which can be
attributed to small silver clusters (d < 1 nm).7,41−44 During
annealing with temperatures above 400 °C the absorbance at
around 400 nm emerges. With increasing annealing temper-
ature, this absorption band around 400 nm continuously
increases. At 550 °C this band can clearly be assigned to the
silver plasmon resonance at around 400 nm. At 600 °C the
absorption band is increased and significantly narrower, with
the maximum absorption at 420 nm.
Photoluminescence measurements were conducted for the

annealed silver−glass samples. The PL measurements were
carried out in steps of 10 °C. As measured for the ion-
exchanged samples the PL emission ranges from 400 to 800 nm
with distinct maxima at 485, 521, 560, and 611 nm and an
additional shoulder at 670 nm (Figure 5c). The PL intensity
doubles compared to that of the ion-exchanged sample when
the samples are annealed for 30 min at 100 °C. With increasing
annealing temperature, the PL intensity increases, reaching the
maximum intensity at 410 °C, at which the intensity is
increased by a factor of 30. At temperatures above the threshold
temperature the PL intensity decreases abruptly and vanishes
with further increase of the temperature (see Figure 5d). The
intensity ratio of the four maxima remains nearly unchanged.
Consequently, the decrease of the integrated PL intensity
(400−800 nm) is accompanied by a decrease of all band
features. Figure 5b shows the integral intensity as a function of
temperature between 100 and 600 °C. The maximum intensity
is found at 410 °C. This emphasizes that the concentration of
emitting species increases below and decreases above the
threshold temperature of 410 °C.
SAXS measurements were carried out in steps of 100 °C

below and in steps of 50 °C above 400 °C annealing
temperature. In accordance with the absorption and PL
measurements, the SAXS investigations also reveal that

nanoparticles are forming above the threshold temperature
between 400 and 450 °C (see Figure 6a). At temperatures
below the threshold the scattering curves are similar to the
scattering curve obtained for the ion-exchanged sample. The
scattering attributed to small silver structures (scattering at
higher q-vectors, above 4 nm−1) persists even after the
annealing above the threshold temperature. From the intensity
increase at scattering vectors below 2 nm−1 it can be deduced
that nanoparticles are forming. Consequently, for these samples
with annealing temperature above 400 °C, silver nanoparticles
as well as the small silver structures contribute to the scattering
curve. The scattering of both species is sufficiently separated so
that the scattering curves can be fitted using an analytical sum
model of spherical particles having a Schulz−Zimm distribution
and hard spheres having a constant size of 0.6 nm in diameter
(SAXS curves and corresponding fits are shown in Figure S4 in
the Supporting Information). A detailed description of the
fitting procedure of the model can be found in the
Experimental Details. In the fitting, the size of the small silver
structures was kept constant because small differences (i.e.,
±0.1 nm) in this size regime are difficult to determine, in
particular in the presence of the emerging nanoparticles. The
resulting particle sizes are shown in Figure 6b, and it reveals
that the particle size increases slightly with annealing
temperature. At the annealing temperature of 450 °C the
particle size distribution is hard to determine since the
scattering of the small structures overlaps with the nanoparticle
scattering. Thus, the sample annealed at 450 °C represents a
state at which clusters (d < 1 nm) as well as nanoparticles with
diameters of about 1 nm are present.

TEM analysis of similarly prepared samples was carried out
to show that the silver nanoparticles are of spherical shape. For
TEM investigations the samples were prepared in the cross-
sectional profile. The results deduced from the SAXS
experiments (see Figure 6) are in accordance with the TEM
analysis (Figure 7). The quantitative analysis of the size
distribution histograms in the subnanometer regime reveals that
with increasing temperature the fraction of particles with
diameters less than 1 nm decreases (Figure 7b). In particular
the number of clusters smaller than 0.5 nm in diameter
decreases dramatically above 450 °C and even vanishes at 600
°C. Figure 7a shows a TEM picture of the 600 °C annealed Ag
sample recorded with higher magnification. The clusters of
about 0.5−0.9 nm size are marked with white circles. The TEM
analysis of the formed nanoparticles yields a mean size and a
standard deviation at 450 °C of 1.8 ± 1.1 nm (Figure 7c), at
500 °C of 1.9 ± 1.2 nm (Figure 7d), and at 600 °C of 2.2 ± 0.6
nm (see Figure 7e). The larger particles observed in TEM are

Figure 5. (a) Absorption spectra and (b) integral PL intensity of silver
samples annealed at different temperatures. (c) PL spectra of silver
samples annealed at 100−410 °C and (d) 410−600 °C. The legend is
displayed only for selected PL spectra.

Figure 6. (a) SAXS curves of the silver samples annealed at different
temperatures for 30 min. (b) Particle size distributions and determined
mean particle sizes of the silver samples annealed above 400 °C.
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most likely generated during the sample preparation or the
actual TEM measurement.
The temperature-dependent investigations reveal a well-

defined temperature threshold at 410 °C. Below this threshold
value small silver clusters (d < 1 nm) are formed. Above the
threshold value the silver clusters concentration decreases, and
nanoparticles are growing. Apparently, growth of clusters and
nanoparticles proceeds without any additional reducing agent.
Silver ions must be reduced prior to the cluster or particle
formation. A reduction mechanism must be considered which is
responsible for the particle formation during annealing.
Interestingly, growth to nanoparticles occurs only above the
temperature threshold at 410 °C. At this temperature it is
reported thatsilver oxide (Ag2O) decomposes to metallic Ag0

and to O2.
62,63 Therefore the silver reduction could occur due

to electrons extracted directly from atoms that are intrinsic to
the glass, namely nonbridging oxygens (NBOs) via the
following reactions:32,64

− ↔ − − + +− + − +
  2( Si O Ag ) Si O Si O (Ag )2 (2)

+ → +− +O (Ag ) 2Ag 0.5O2
0

2 (3)

The Ag−O units can be approximately described as silver
oxide, Ag2O, which leads to a simplification of eqs 2 and 3:

→ +2Ag O 4Ag O2
0

2 (4)

The thermal decomposition of silver oxide has been observed
in various experimental studies in the temperature range of
100−490 °C.65−69 In addition, these studies also state that in
the low temperature region (100 °C) silver oxide decomposes
partially and above 400 °C silver oxide completely decomposes
to Ag0 and O2.

Annealing for Different Durations below the Thresh-
old Temperature. In this section the formation of silver
clusters by annealing the ion-exchanged samples below the
temperature threshold is presented. After ion exchange the
samples were annealed at 400 °C for different durations
between 1 min and 13 h.
Integrated photoluminescence intensity of the silver−glass

samples annealed at 400 °C for different durations are shown in
Figure 8a. Annealing below the threshold value for extended

durations leads to an increase of the PL intensity which is
attributed to further cluster formation. After 12 h of annealing
the PL intensity increases insignificantly, suggesting that the
majority of silver species is present in the form of clusters.
The samples annealed at 400 °C for different durations were

investigated with SAXS (Figure 8b). The scattering curves are
similar to those obtained for the ion-exchanged sample, and the
intensity does not change with annealing duration. As the
scattering intensity scales with r6, the silver clusters must have
dimensions similar to those of the silver ions. Hence, in
accordance with the interpretation of Eichelbaum et al.51 most
probably silver dimers are forming during annealing below the
threshold temperature. However, other molecular clusters
might be present.
The silver samples annealed for 13 h at 400 °C, which

exclusively contain silver clusters, were post-treated at 500 °C
for different durations. SAXS curves of these samples are shown
in Figure 9. It was observed that the scattering curves remained

unchanged and silver nanoparticles are not forming even after 1
h heat treatment at 500 °C. Hence, the clusters formed during
annealing below the temperature threshold (which are most
likely silver dimers) are stable at elevated temperatures. This
experiment clearly shows that Ostwald ripening is not
happening.

Annealing for Different Durations above the Thresh-
old Temperature. In this section the influence of the
annealing duration on the particle growth at constant annealing

Figure 7. (a) TEM image of small silver clusters, recorded with
115.000× magnification. White circles mark the small clusters <1 nm
in diameter. (b) Histogram of the number of clusters with d < 1 nm vs
temperature, as determined from TEM measurements. The clusters
are grouped into three different intervals (d < 0.5 nm, 0.5 nm < d < 0.7
nm, and 0.7 nm < d < 0.9 nm). TEM images of Ag glass samples
annealed for 30 min at (c) 450 °C, (d) 500 °C, and (e) 600 °C. The
insets show the corresponding size distribution histograms and the
determined mean particle size with standard deviation. The size
distribution histograms were constructed by counting several hundred
individual particles (250−500). This number was used to normalize
the bars of the histograms. The sum over all bars is 100%.

Figure 8. (a) Integral PL intensity and (b) SAXS curves of silver ion-
exchanged samples annealed at 400 °C for different durations.

Figure 9. SAXS curves of silver samples annealed for 13 h at 400 °C
and post-treated at 500 °C for different durations.
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temperature is examined. After ion exchange the samples were
annealed at 550 °C, above the threshold value, for different
durations between 1 min and 16 h.
Absorption measurements reveal that the silver plasmon

band with a maximum at around 420 nm evolves in the
spectrum (Figure 10a). The plasmon band increases with
longer duration which can be due to an increasing silver
nanoparticle size or concentration.

Figure 10c shows the PL measurements that were conducted
for the annealed silver glass samples. After longer annealing
durations the PL intensity decreases and vanishes after 3 h of
annealing at 550 °C due to a decrease of cluster concentration.
The samples annealed at 550 °C for different durations were

investigated also with SAXS (Figure 10e). Fits to the SAXS
curves are shown in the Supporting Information (see Figure
S5). In accordance with the UV−vis measurements the SAXS
investigations also reveal that particles larger than 1 nm in
diameter are forming after 3 min of annealing. The arrow in
Figure 10e indicates that the intensity of the SAXS curves
increases systematically. With increasing annealing time the
mean particle radius slightly increases and is 0.9 nm after 16 h
(see Figure 10d) while the scattering at higher q-values caused
by silver ions decreases (Figure 10f). From the model fitted to
the SAXS curves it is possible to calculate also the volume
fraction of nanoparticles compared to the total volume at each
annealing time. The relatively high polydispersity as well as the

coexistence of the small silver structures causes uncertainty.
However, even a very high uncertainty of ∼40−50% allows
determining to which order of magnitude the volume fraction
changes. The same applies for the particle concentration since it
is related to the volume fraction and the particle size. The
volume fraction of silver nanoparticles increases while the
volume fraction of small silver structures decreases. After longer
annealing times (8 h) the volume fraction of the silver
nanoparticles reaches a plateau when the scattering of the silver
ions is decreased by about 50%. Throughout the annealing
process the concentration of formed particles does not change
by more than 35%. Thus, it can be deduced that, in contrast to
the increase of the volume fraction, the particle concentration
remains constant. As a conclusion from the SAXS experiments,
the number of the nanoparticles formed after 3 min of
annealing is equal to the number of silver nanoparticles that
grow after longer annealing durations (16 h).
After 1 min of annealing a broad band around 470 nm was

observed in the absorption experiment. This band emerges in
the first minutes of annealing decreases afterward and shifts to
shorter wavelengths after 3 min of annealing (Figure 10a). This
observation was examined more in detail by in situ UV−vis
experiments using a tube furnace (Figure 10b). The ion-
exchanged sample was placed in the middle of the tube furnace,
and absorption was measured with the UV−vis setup as
described in the Experimental Details. Absorption spectra were
recorded every 10 s. After 10 s the band at 470 nm appears in
the spectra.
This band decreases with further heat treatment and vanishes

after 120 s when a temperature of approximately 400 °C is
reached. After 180 s when approximately 500 °C is reached, the
evolution of the silver plasmon band can be observed. The
band at 470 nm which is an intermediate state of the silver
nanoparticle formation most likely corresponds to an oxidic
silver species.63 Silver oxide is well-known to absorb in the
spectral range of 450−500 nm.62,63,70 The band at 470 nm
could result from a separation of Ag−O units from the silver
ions stabilized at the nonbonding oxygen atoms of the
silanolate units59−61 in the glass. The separated silver oxide
can dissolve into metallic Ag0 and O2.

Silver Particle Formation Mechanism. The different
stages of the particle formation process are summarized
schematically in Figure 11. After the first synthetic step (ion
exchange) the glass contains predominantly silver ions (that do
not contribute to the PL) and few clusters. The PL intensity of
the ion-exchanged sample is weak and increases when further
molecular clusters are formed during annealing below the
threshold temperature (410 °C). Annealing below the
threshold value leads to the selective formation of clusters (d
< 1 nm) which are most likely silver dimers. With increasing
annealing duration only the number of clusters increases.
Furthermore, it was shown that these clusters/dimers remain
stable at elevated temperatures (see Figure 9).
Thermal treatment above the threshold value leads to the

growth of silver nanoparticles. The findings for annealing above
the threshold temperature are the following: (i) the character-
istic silver plasmon band evolves in the absorption spectra, (ii)
the silver clusters (<1 nm) grow into larger nanoparticles, and
hence, the number of clusters decreases (SAXS, TEM), (iii) the
PL intensity (cluster concentration) decreases. Growth of
(more stable) nanoparticles could proceed via an Ostwald
ripening process.71−76 Ostwald ripening occurs at temperatures
matching the melting temperatures of the silver clusters. It is

Figure 10. (a) Absorption spectra of silver samples annealed for
different durations at 550 °C. (b) Absorption spectra recorded in situ
in steps of 10 s during heating. The legend is given only for selected
absorption spectra. (c) PL spectra, (d) mean particle diameter, and (e)
SAXS scattering curves of the silver samples annealed for different
durations at 550 °C. (f) SAXS curves of the silver ion-exchanged
sample and the sample annealed 16 h at 550 °C.
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commonly known that the melting temperature scales with the
materials dimensions.77−83 However, it was found that the
clusters remain stable at elevated temperatures. In addition, it
was deduced that during annealing the number of particles
remains constant and only the size is increasing. Even after
longer annealing durations (16 h) the particle concentration
equates the number of formed nanoparticles at the beginning of
particle growth (after around 3 min). In contrast, Ostwald
ripening processes would lead to a decrease in the number of
particles.
The threshold temperature of 410 °C matches the

decomposition temperature of silver oxide. The formation of
intermediate silver oxide was observed as an initial step of
cluster formation. According to eq 1, the silver atom formation
by silver oxide decomposition comes along with the formation
of bridging oxygen atoms from two nonbridging oxygens
(NBOs). With this consideration, the environment of the
forming silver particle is rearranged, and the number of
available NBOs (reducing agent) is depleted. With the given
glass composition (composition, wt %, SiO2 71.72, Al2O3 1.23,
Fe2O3 0.19, TiO2 0.14, SO3 0.44, CaO 6.73, MgO 4.18, Na2O
14.95, K2O 0.34) one can estimate the number of oxygens in
the form of NBOs. Bivalent cations require two NBOs and
monovalent cations require one for charge balancing. The ratio
of NBOs (of total oxygen content) is about 60% in the soda-
lime silicate glass. Thus, the amount of silver atoms reduced by
NBOs is limited by the number of available electrons from the
glass matrix. From SAXS it was deduced that even after 16 h of
thermal treatment (thus after particle formation) a substantial
amount of silver ions (approximately 50% of the initial silver
ion concentration) is still present in the samples.
The observations during the temperature dependent and

duration dependent experiments suggest that the silver oxide
decomposition in the low temperature regime proceeds
differently than above the threshold value. The different
observations below and above the temperature threshold (see
Figure 11.) could be related to a different reduction mechanism
or a different kinetic behavior of the silver oxide decomposition.
At low temperatures (≤410 °C) the reduced silver species Ag0

form only molecular clusters which are most likely silver dimers
as indicated by the PL behavior. These small clusters are stable
at elevated temperatures and do not dissolve. With annealing
above the threshold temperature (>410 °C) the reduction rate
increases, but further silver clusters are not formed. The
existing clusters grow to nanoparticles via a monomer (silver
atom) addition since the particle size increases with annealing
duration but the particle concentration remains constant. The
cluster formation in the initial step occurs during annealing
below 410 °C as well as during the heating-up process in the
beginning of annealing above 410 °C. In fact, the silver clusters
act as nuclei and determine the number of resulting
nanoparticles. Hence, the final particle size is determined by
the cluster concentration formed in the initial step and the
duration of annealing but is finally limited by the number of
reducing agents (NBOs).

■ CONCLUSION
In this contribution, the growth mechanism of silver clusters
and nanoparticles in glassy matrices was deduced. The findings
show that the growth and thus the final size of the silver
nanoparticles in soda-lime silicate glasses is determined by
glass-intrinsic reduction mechanisms. Molecular clusters which
are most likely silver dimers are formed in an initial step of
particle formation and determine the final number of
nanoparticles. These clusters grow by addition of silver
monomers into nanoparticles. The final mean particle size is
determined by the cluster concentration and the duration of
annealing but is limited by the number of atoms acting as the
reducing agent (NBOs). This is in contrast to several
publications which assume that the nanoparticle formation is
predominantly governed by Ostwald ripening processes.

■ EXPERIMENTAL DETAILS
Synthesis. Ion-exchanged glass samples were prepared from

commercial soda-lime silicate glass slides of 1 mm thickness
(composition, wt %, SiO2 71.72, Al2O3 1.23, Fe2O3 0.19, TiO2 0.14,
SO3 0.44, CaO 6.73, MgO 4.18, Na2O 14.95, K2O 0.34). The glass
slides, and the reagents of analytical grade AgNO3 and NaNO3 were

Figure 11. Schematic illustration of the initial steps of cluster formation and particle growth.
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purchased from Roth. The glass slides were cleaned with ethanol and
stored in ethanol followed by rinsing with deionized water prior to use.
Silver ion exchange was performed in a AgNO3/NaNO3 (1:2) salt bath
at 360 °C for 60 min. Subsequently the ion-exchanged samples were
annealed in air, varying temperature and duration. For details see main
part of text.
UV−Vis. Optical absorption spectra of the as-exchanged and

annealed samples were recorded in air at room temperature in the
200−1100 nm region (HR2000, Ocean Optics; Sony ILX511 CCD-
detector, resolution (FWHW): 0.065 nm) with deuterium/tungsten
lamp as the light source. Evaluation of the experimental data was done
using Spectra Suite software (Ocean Optics). In situ UV−vis
experiments were carried out using the same equipment and a tube
furnace Heraeus (RO 4/25). The silver ion-exchanged sample was
placed in the middle of the oven, and absorption spectra were
collected every 10 s during the heat treatment (550 °C).
Luminescence emission spectra were recorded with the same

equipment using a pulsed nitrogen laser MNL 103-PD (Lasertechnik
Berlin, frequency 20 Hz, wavelength 337.1 nm, pulse energy 80 μJ,
pulse duration 3.5 ns) for excitation.
Photoluminescence excitation spectra were recorded in air at room

temperature with a series 2 luminescence spectrometer (Aminco
Bowman) equipped with a xenon lamp and a long pass filter in front of
the output slit.
Photoluminescence lifetime measurements were conducted with

TCSPC on a HORIBA Jobin YVON Fluorolog-3 Spectrofluorometer
(V.1.2) in the standard configuration: double-grating monochromator
in excitation and emission paths in “L” configuration, with a 450W-Xe
lamp as light source and a PMT (CCD) detector. Data acquisition and
manipulation were done with FluorEssenceTM software.
TEM. Size and structural identification of the formed clusters were

performed by cross-sectional transmission electron microscopy (TEM;
TITAN 80-300, FEI) with an acceleration voltage of 300 kV for Ag 1
min, Ag 30 min, and Ag 60 min annealed at 600 °C and CM200 FEG
(Philips/FEI) with an acceleration voltage of 200 kV for Ag 30 min at
450 °C and Ag 30 min at 500 °C. The samples were prepared in the
cross-section profile. Small pieces of the glass were sawed out and stick
on a Si-dummy (3 mm × 0.5 mm × 0.5 mm) with epoxy. The
resulting sandwich-preparation was thinned with SiC and diamond
abrasive paper to a final thickness of 1 μm. The preparation was
further thinned by Ar ion beam etching (PIPS, GATAN, 4 kV) to
obtain the electron transparent material. Image plotting was done with
Digital Micrograph. Statistical evaluation was done with ImageJ.
ESEM. Cross-sectional environmental scanning electron microscopy

(ESEM) and energy dispersive X-ray spectroscopy (EDX) experiments
were carried out on a tabletop microscope TM-1000 (Hitachi High-
Technologies Europe GmbH) using a precentered cartridge filament
electron gun and a high-sensitive semiconductor BSE (solid state
backscattered electron) detector. The acceleration voltage was 15 kV
and the obtained magnification was between 20 and 10.000x.
SAXS. Small-angle X-ray scattering and anomalous small-angle X-

ray scattering was measured at beamline B1 of the DORIS III
synchrotron storage at DESY, Hamburg. The measured SAXS curves
have been background correted by subtracting the scattering of the
pure soda-lime silicate glass. Throughout this paper we use the
definition for the magnitude of scattering vector, q = 4π sin(θ)/λ. A
Pilatus 1 M single-photon-counting pixel detector (Dectris) was used
in all experiments. The SAXS measurements with a sample-to-detector
distance of 883 mm were made at a photon energy of 16029 eV to
have optimal transmission through the glass substrate. The beam size
on the glass sample was 1 mm × 0.7 mm. Measurement time per
sample was 100 to 300 s. The scattering curves of the silver containing
glasses were analyzed assuming spherical shape, which is supported by
TEM investigations (see Figure 8) and a homogeneous electron
density. The experimental scattering curves were fitted using an
analytical sum model of spherical particles having a Schulz−Zimm
distribution and hard spheres. The Schulz−Zimm distribution is given
by

= +
− +
Γ +

+f x z x
z x

R z
( ) ( 1)

exp[ ( 1) ]
( 1)

z z1

avg (5)

where Ravg is the mean radius, x = r/Ravg, z is related to the
polydispersity p (p = σ/Ravg) by z = 1/p2 − 1, and σ2 is the variance of
the distribution. The mean particle volume can be calculated from the
third moment of the size distribution leading to
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with z defined as above. The scattering intensity of nonaggregated
particles can be assumed to be proportional to the form factor of a
single particle P(q). Thus, the scattering intensity of monodisperse
spheres with homogeneous electron density with volume Vpart is given
by
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= = =
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2

part
2

2

(7)

In the case of polydisperse particles, one has to sum the scattering
intensities over all particle sizes weighted by their frequency or to
integrate using a size distribution function. Using the Schulz−Zimm
distribution for polydisperse particles the scattering intensity is given
by

∫=
∞

I q N f r V P q r( ) ( ) ( ) dpoly

0

part
2

(8)

An analytical solution of the integral can be found in Kotlarchyk et
al.84 The investigated samples contain small clusters with less than 1
nm in diameter and some of the annealed samples contain also
nanoparticles. Thus, for the analysis of the SAXS scattering curve a
mathematical model is applied which is the sum of the single sphere
model (Isphere(q)) and the polydisperse sphere model (Ipoly(q)). The
number of particles can be obtained by using the general relation of
Isphere(q = 0) for a single particle, which is independent of its shape and
size, that is I = (Δρ)2V2. Thus, the scattered intensity Ipoly(q = 0) of
polydisperse particles can be written as

ρ= = ΔI q NV( 0) ( )poly
2 2

(9)

where N is the number of particles and ⟨V2⟩ the mean value of V2.
Hence, the sum model contains information about the particle size and
concentration of clusters as well as the nanoparticles. Selected
scattering curves and their corresponding fits (model function) are
given in the Supporting Information (S4 and S5).

ASAXS. Anomalous small-angle X-ray scattering gives element
specific structural information.85 The scattering length density ρ of an
element depends on the atomic scattering factor, which at low
scattering angles can be expressed

= + ′ + ″f E Z f E if E( ) ( ) ( ) (10)

where Z is the atomic number and f ′ and f″ are anomalous scattering
coefficients which change rapidly close to an absorption edge of an
element. Therefore, by measuring at different energies close to the
edge, contrast variation of this element can be obtained. The ASAXS
measurements were made at three different photon energies 25051,
25460, and 25509 eV, all below the Ag absorption K-edge which is at
25516 eV. Sample-to-detector distance was 883 mm and the total
measurement time was about three hours.

The obtained SAXS and ASAXS images were normalized by the
sample transmission, corrected for background scattering, integrated
over the azimuth angle, and normalized onto the absolute intensity
scale using a glassy carbon reference sample measurement. From
SAXS curves (but not ASAXS curves) the scattering from a blank glass
without Ag ions was subtracted. Data measured at different sample-to-
detector distances were united to cover a larger q-range.
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Weigel, W.; Stößer, R.; Pacchioni, G. Nanotechnology 2008, 19,
135701.
(52) Tikhomirov, V. K.; Vosch, T.; Fron, E.; Rodriguez, V. D.;
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