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Abstract
Nanoscale silver particles embedded in sodium silicate glass were produced
by Na/Ag ion exchange and subsequent thermal treatment in a hydrogen
atmosphere. Their structure and spatial distribution were studied by con-
ventional and high-resolution electron microscopy (HREM). Two different
mechanisms of particle formation could be identified: (i) reduction of ionic
silver by hydrogen and formation of mostly defective particles (twinned) within
a near-surface region; and (ii) formation of single-crystalline particles in the
interior of the glass resulting from reduction by means of polyvalent iron ions.
Electron microscopy investigation revealed the completion of periodic layers of
silver particles in near-surface regions with high silver concentration induced
by thermally assisted hydrogen permeation. The self-organized periodic layer
formation may be explained in terms of Ostwald’s supersaturation theory,
assuming interdiffusion of two mobile species. Analysis of lattice plane
spacings from HREM images of silver particles revealed the typical size-
dependent lattice contraction. The extent of this, however, was found to
be different for particles formed by hydrogen permeation and those formed
by interaction with polyvalent iron ions. These differences reflect different
influences of the surrounding glass matrix, probably originating from the
conditions of particle formation (thermal history).

1. Introduction

Nanoscale particles of transition metals like Ag, Au, and Cu embedded in silicate glass
as the dielectric matrix have attracted much interest because of potential applications of
such materials based on their non-linear optical properties [1, 2]. Many procedures like
ion exchange and subsequent thermal treatment in different atmospheres or irradiation by
highly energetic particles, ion implantation of metal ions, sol–gel synthesis, and multitarget
magnetron sputtering onto SiO2 have been used to incorporate small metal particles in glasses
[3]. For some of these procedures, we have only very recently been able to show how the
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configuration and atomic structure of the particles are governed by the conditions of synthesis
[4]. Accordingly, strong influences on the macroscopic properties of such nanoparticulate
composites are expected. In glasses containing Ag or another metal in ionic form, thermal
treatment under a hydrogen atmosphere is highly effective for inducing reduction and particle
formation by aggregation of metal atoms [5–7]. Because of the excess availability of the
highly reactive and mobile reducing agent, i.e. atomic hydrogen, a rather high density of metal
particles is achieved in the hydrogen permeation region. According to the mechanism of
reduction and particle formation under the hydrogen atmosphere, specific structures of the
particles as well as the metal/glass interface are expected.

There has, however, been little knowledge disseminated about this procedure. The lattice
parameter, as derived from x-ray diffraction, of silver particles formed in Vycor porous glass
upon annealing at 450 ◦C in a hydrogen atmosphere was found to differ only slightly from
the bulk value [8]. Layered precipitation of small copper particles in a near-surface region of
soda-lime glass induced by hydrogen permeation was detected by means of scanning electron
microscopy [9, 10]. Even if there is no constant period in the oscillations of such layered
precipitate they are usually described as periodic. For Ag-doped glass, first hints as to periodic
structures formed upon hydrogen treatment were obtained from optical spectroscopy studies
[11]. From other investigations of silver particle formation in silicate glass upon hydrogen
reduction, however, no such periodic precipitation was reported [6, 12, 13]. The formation of
periodic structures, i.e. spatially separated precipitate regions of well defined width and spacing,
induced by chemical reaction was first observed by Liesegang as self-organized concentric rings
of precipitated silver dichromate [14]. Usually, such phenomena are explained by Ostwald’s
supersaturation theory of two mobile species diffusing into each other and forming insoluble
precipitates in fluids as well as in solids.

The present paper introduces the structural characteristics of hydrogen-induced formation
of silver particles and periodic precipitate layers in silicate glass as studied by conventional and
high-resolution electron microscopy (HREM). In addition to outlining the spatial distribution
of silver particles and the regularities of the precipitate layers, the dependence of the atomic
structure of the particles on their location inside the glass is investigated. Two different
formation mechanisms are established and discussed in terms of different reduction processes.
From a lattice analysis, differences in the size-dependent lattice parameters of both types of
particle are recognized which reflect certain changes in the interaction between the metal and
the surrounding glass.

2. Experimental procedure

Soda-lime glasses containing 72.20% SiO2, 14.20% Na2O, 6.50% CaO, 4.42% MgO, 1.49%
Al2O3, 0.71% K2O, 0.13% Fe2O3, 0.39% SO3 (in wt%) were immersed in a molten nitrate
mixture of NaNO3 and AgNO3 at 330 ◦C, i.e. well below the glass transformation temperature
of 535 ◦C, for 310 hours. By applying salt melt concentrations of 0.05 wt% and 5 wt%
AgNO3 in the Ag/Na ion exchange, two series of glass samples containing 0.8 and 11.0 mol%
Ag2O, respectively, were obtained. They are designated ‘low Ag’ and ‘high Ag’, respectively,
throughout the following. We used thin glass slides of 160 µm thickness to achieve a nearly
homogeneous distribution of silver ions inside the glass matrix as a result of ion exchange [15].
The reduction of ionic silver and the formation of crystalline precipitates in the nanometre size
range was induced by five hours’ subsequent annealing at 500 ◦C in hydrogen at atmospheric
pressure. This treatment resulted in a non-homogeneous distribution of silver particles.

Cross-section preparation for the electron microscopy investigation of the glass samples
was carried out by mechanical grinding, polishing, and careful ion-beam etching with Ar+
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ions, including liquid-nitrogen cooling followed by carbon coating to avoid charging effects.
Special care was taken to avoid ion-beam thinning affecting the structures formed in the glass
by ion exchange and subsequent annealing. Therefore, a low ion-beam current was applied and
the specimens were cooled using liquid nitrogen. The shape and size of the particles as well as
their spatial distribution were studied by conventional transmission electron microscopy (TEM)
using a JEM 100C operating at 100 kV, whereas the high-resolution electron microscopy was
done using a JEM 4000EX operating at 400 kV. The spacings of the (111) and (200) lattice
planes of single-crystalline silver particles were determined by processing of digitized HREM
images recorded under optimum conditions (near the Scherzer focus).

3. Results

3.1. TEM investigation

For the ‘low-Ag’ glass, five hours’ exposure to hydrogen at 500 ◦C resulted in the formation of
silver particles within a region of 3 µm thickness below the glass surface. Preceding studies by
TEM and optical spectroscopy revealed, in both series of glass samples, no formation of silver
particles upon ion exchange at 330 ◦C only. From TEM micrographs such as those shown in
figure 1 it may be recognized that these particles have nearly spherical shape and are arranged
at random in the glass matrix. The particle structure is characterized by the appearance of
a great number of twin faults, i.e. single twins, parallel twin lamellae, and circular multiple

Figure 1. Particles in the ‘low-Ag’ glass at a penetration depth of 1.5 µm; the inset shows, at
higher magnification, the non-homogeneous image contrast of some particles due to twin defects.
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twins. There is a certain decrease in size and number density with increasing penetration depth.
This continuous change ranging from ≈25 nm diameter very near the glass surface to ≈5 nm
at about 2.5 µm penetration depth is graphically represented in figure 2. No periodicity or any
modulation of the particle density was observed. Beyond 3 µm, no further Ag particles were
found in this sample.
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Figure 2. The dependence of the mean particle size of the ‘low-Ag’ sample on the penetration
depth.

In the ‘high-Ag’ glass, five hours’ exposure to hydrogen at 500 ◦C led to the formation
of periodic layers of silver particles within a region of about 2 µm thickness below the glass
surface. The electron micrographs of figures 3 and 4 demonstrate the layer constitution of
the precipitates in this region and how the layer-like character results from densely arranged
particles. The extension and ‘periodicity’ of these layers running parallel to the glass surface
may be clearly recognized. These layers are designated by numbers in ascending order with
increasing penetration depth. It can be seen that the nearer they are to the surface, the more
the width and spacing of the layers decrease. Very near to the glass surface, some layers
seem to overlap with each other, and it is not entirely clear how much of each one is included.
Therefore, the first well separated single layer is numbered n and the other layers are counted
according to this setting. As may be seen from figure 4, the spatial distribution of the particles
is rather sharp with a steep transition at the layer boundaries. Within the periodic particle
layers, the mean size and size distribution of the particles do not change very much. Figure 5
shows as an example the size distribution determined for particles of the layer n+2 that exhibit
a log-normal shape with mean diameter d0 = 4.1 nm and standard deviation w = 0.32 nm.

Below the (n + 7)th layer, no further layer-like particle distribution was observed, but
around 5 µm penetration depth a second region of silver particles having a nearly homogeneous
spatial distribution was found. This region ranges throughout the whole glass thickness until
it meets the mirrored counterpart of the above-mentioned layer-like particle arrangement near
the other surface of the 160 µm thick glass plate. The particle size variation throughout one
half of the glass plate is shown in figure 6. Throughout the central 100 µm homogeneous glass
region, a random arrangement of particles was found.

3.2. HREM investigation

HREM imaging of lattice plane fringes enabled us to recognize that in the region of hydrogen
permeation, twin formation occurred for a large number of particles. To exclude the effects
of varying twin configurations in the evaluation of size-dependent lattice parameters, particles
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Figure 3. The near-surface region of the ‘high-Ag’ glass in a cross-sectional view together with
a profile plot of the relative image intensity showing the arrangement and extension of the Ag
precipitate layers.

containing twin faults were not considered. Instead, images of single-crystalline particles
were chosen for the lattice analysis that was carried out in both real-space and Fourier-space
(diffractogram) representations.

Owing to the surface curvature, small particles are usually in a state of compression
[4, 16–20]. For the cubic lattice type, the resulting reduction of lattice spacing �a is given by
the Laplace-type equation

�a = −2f aκ

3r
(1)

where f is the surface stress, a is the bulk lattice parameter, κ is the compressibility, and r is the
particle radius. For small particles embedded in a matrix, the surface stress is replaced by the
interface stress f ∗. Accordingly, size-dependent changes of the lattice spacing are determined
by the value and sign of the interface stress. From the slope of the linear regression in the
graphical representation of the lattice spacings versus particle size, as given in figure 7, the
interface stress is evaluated according to equation (1). With the value for the compressibility
of bulk silver κ = 9.93 × 10−12 m2 N−1 we obtained f ∗ = 1.0 ± 0.6 N m−1 for the ‘low’
glass, f ∗ = 0.7 ± 0.5 N m−1 for the layer region, and f ∗ = 2.0 ± 0.7 N m−1 for the central
region of the ‘high-Ag’ sample. For comparison, figure 7 includes the size-dependent lattice
parameters of both samples determined for particles from different regions.
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Figure 4. The distribution of Ag particles in one layer (n) of the ‘high-Ag’ glass.
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Figure 5. The relative particle size frequencies of the layer n+2 fitted by a log-normal distribution.

4. Discussion

4.1. Ag particle formation and periodic precipitation in the hydrogen permeation region

In the near-surface regions of both the ‘low-Ag’ and the ‘high-Ag’ samples, silver particles of
similar structural characteristics are formed. Although their mean sizes differ considerably,
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Figure 6. The dependence of the mean particle size of the ‘high-Ag’ sample on the penetration
depth; small symbols indicate particles of the layer region and large symbols particles of the
homogeneous region.
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Figure 7. The lattice parameter determined from the (111) lattice plane fringes versus the inverse
particle size in (a) the ‘low’ sample, (b) the layer region, and (c) the central region of the ‘high’
sample.

both exhibit plenty of twinned and multiply twinned structures. The basic mechanism of
hydrogen-induced particle formation consists of two steps. It starts with silver ions which,
due to ion exchange, replace sodium ions and are bonded to non-bridging oxygens. First,
silver ions will be reduced by atomic hydrogen so as to form silver atoms and hydroxyl groups
according to

≡Si–O−Ag+ + (1/2)H2 → ≡Si–OH + Ag0. (2)

These silver atoms are free to diffuse through the silicate network and form aggregates or
clusters by successive addition of further silver atoms (see, e.g., [16–18]). The aggregation
process results in Ag particles of nanometre size, observable by TEM. Because of the rather high
hydrogen concentration, cH 
 cAg, all silver ions present are expected to be thereby reduced.
This assumption is justified by previous studies [6]. Consequently, a high concentration of
Ag particles is formed which frequently contain planar lattice defects such as single- and
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multiple-twin faults [21] owing to the rapid growth and particle interaction by coalescence.
For the ‘low’ sample this may be recognized from figure 1. Despite the particle size decrease
with increasing penetration depth, no distinct change of the lattice defect content was found.
Obviously, the same mechanism of formation works throughout the whole region of hydrogen
permeation.

Because there are considerably more silver ions incorporated in the ‘high-Ag’ sample,
more complicated phenomena occur upon hydrogen-induced reduction. The layer-like
spatial distribution of Ag particles near the glass surface is illustrated by figures 3 and 4.
Liesegang’s rings, or adequate layers in the two-dimensional case, develop sequentially upon
the interdiffusion of two mobile species—here hydrogen and silver ions—always when the
reaction product of both exceeds a certain supersaturation, thus giving rise to a spatially
modulated density of precipitates. The formation of periodic layers of precipitates is described
quantitatively for specific cases, e.g., for high enough initial concentrations of both species
[22–25]. Then the layer formation starts at the interface between the reacting species
sequentially in time, according to an asymptotic law [24]

xn ∼ (1 + ξ∗)nx0 (3)

where xn is the distance of the centre of the nth layer from the glass surface (x = 0) and
ξ∗, x0 are constants determining the spacing of consecutive layers. For the special case of
one of the two mobile species being predominant in concentration, i.e. A0 
 B0, the spatial
separation of layers �xn = xn+1 −xn and the interval of their formation are predicted to satisfy
the above asymptotic law with constant ratios of mutual spacings �xn+1/�xn and consecutive
distances xn+1/xn [22, 23, 25]. The time-dependent concentration of the reacting species as
well as the positions of precipitated layers that develop at progressively greater distances from
the initial interface may be calculated accordingly as functions of the experimental conditions,
including the initial concentrations A0 and B0 and the corresponding diffusion constants DA

and DB [22–25].
The parameters characteristic of the position and width of the silver particle layers are

given in table 1. Because of uncertainties in accurately defining the position of the glass surface
(x = 0) and the missing separation of the first n − 1 layers, some parameters, related to the
onset of the periodic layer formation, deviate somewhat from the overall trend. Therefore,
these values are given in brackets only. From table 1 and—even better—from figures 3 and 4
it can be seen that the spacing between two adjacent layers and the layer width increase with
increasing distance from the glass surface which is the initial interface between the reacting
species hydrogen and Ag+. These results agree with the model predictions [22–25], giving
strong indications of applicability of those models to the process studied here.

Table 1. Parameters characterizing the position, spacing, and width of the silver particle layers.

Layer position Layer spacing Layer width Distance ratio Mean particle
Layer xn (nm) �xn (nm) w (nm) xn+1/xn size d (nm)

1 to n − 1 78 — (39) — 3.7
n 168 (90) 36 (2.16) 3.5
n + 1 255 87 55 1.52 4.1
n + 2 360 105 66 1.41 3.6
n + 3 488 128 72 1.36 3.8
n + 4 646 158 76 1.32 3.4
n + 5 873 228 83 1.35 3.9
n + 6 1157 283 155 1.32 3.7
n + 7 1802 645 252 1.55 4.0
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Assuming a nearly homogeneous distribution of silver ions in the glass after Na/Ag ion
exchange, particles may form upon silver-ion reduction by hydrogen, within the corresponding
permeation region, and subsequent aggregation to stable Ag precipitates. With hydrogen being
the predominant species in this region, i.e., cH 
 cAg, all silver species are assumed to be
neutral atoms which will be incorporated almost completely in growing Ag particles when
a certain supersaturation is attained. By taking into consideration that the rate of hydrogen
diffusion is much less than the rate of silver-ion reduction, it may be understood that in a layer
of certain depth below the glass surface and of certain thickness, all silver ions will be reduced
and consumed in particle formation. A new layer of particles will form only at somewhat
larger depth after enough silver reaches that depth. In this way, periodic layers of particles are
formed within the region of hydrogen permeation if a sufficient amount of silver is available.

From equation (3) the spacing parameter ξ∗ can be calculated using the data on the observed
layers; this yields an average value of ξ∗ � 0.40 ± 0.15. With the Prager–Zeldovitch solution
[22, 23] such a value is found for DAg > DH which is common for sodium silicate glass. For
example, Miotello et al [12] calculated the corresponding diffusion parameters from hydrogen
permeation in Ag/Na ion-exchanged glasses at 180 ◦C as DAg = 1.2 × 10−14 cm2 s−1 and
DH = 6 × 10−15 cm2 s−1, in agreement with the above assumption. Similar data are reported
by Frischat [25]. Here, the penetration depth of hydrogen estimated from the surface region
containing highly agglomerated silver particles is 1.5 µm (see figure 4). Consequently, the
formation of periodic precipitates in Ag/Na ion-exchanged glass can be described by Ostwald’s
supersaturation model assuming two mobile species which react to induce particle formation
and growth. The data shown in table 1 indicate that the mean size of Ag particles throughout
the various layers is approximately constant. That means that an increase of the particle size
with increasing distance from the surface like that observed for reduction by hydrogen in
copper-containing soda-lime silicate glass [10] was clearly not found.

In the ‘low-Ag’ sample the formation of silver particles occurred within a near-surface
region of about 3 µm thickness, whereas the remaining glass region remains free of any
particles. Obviously, under the conditions applied, the particle formation is restricted to the
region of hydrogen permeation, and beyond that region no other reducing agents such as
polyvalent ions have any effect. This implies also the absence, or the removal, of silver ions
from the deeper region, which may be caused by processes quite similar to those occurring in
the near-surface region of the ‘high-Ag’ sample which occur here—however, under changed
conditions. The main difference is the rather low content of silver (0.8 mol% Ag2O as
compared to 11 mol%) from which the spacing parameter ξ∗ is estimated according to the model
computation of the reaction processes [22, 25] to be exceedingly large (
10) as compared to
that of the ‘high-Ag’ sample. Additionally, extended layer formation periods, enlarged layer
spacings, and increased layer widths, exceeding by far the experimental limitations, must be
expected. Therefore, no layer-like arrangement of Ag particles was achieved in the ‘low-Ag’
sample. Generally, one needs an appropriate concentration of silver ions, duration of the heat
treatment, and resolution of the detection method in order to identify periodic precipitates upon
hydrogen-induced particle formation in silver-doped glasses. The corresponding investigations
of such glasses have failed up to now in this respect [6, 12, 13].

4.2. Ag particle formation without hydrogen permeation

The silver particles found in regions deeper than about 5 µm in the ‘high-Ag’ glass exhibit
an internal structure different from that of particles in the near-surface hydrogen-permeated
regions of both samples. Most of them are single-crystalline particles without any twin planes.
They have sizes of about 2 nm within an extended central region, whereas towards the glass
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surface an increase to 5 nm is observed. The mechanism of particle formation in these regions
without hydrogen permeation is expected to be based on Fe2+ ions as reducing agents. As
supported by optical spectroscopy, transmission electron microscopy, and x-ray absorption
spectroscopy studies [4, 26, 27], the following reaction is most probably active in soda-lime
glass:

Ag+ + Fe2+ → Ag0 + Fe3+. (4)

The possibility of the extraction of electrons intrinsic to the glass network as proposed by
Araujo [28] can be excluded because of the low proportion of non-bridging oxygens and
the presence of polyvalent iron ions. Due to their small concentration (0.05 mol% Fe2O3),
however, most of the silver species within the central glass region remain in the ionic state.
They have a high mobility (see the diffusion parameter mentioned above [12]) in contrast to
clusters or aggregates of neutral silver atoms. Because of the hydrogen-induced precipitation
in near-surface regions of the glass, as well as some thermally assisted evaporation of silver at
the glass surface, a certain proportion of the silver ions originally situated within the central
region of the sample are expected to move outwards. That should lead to a depletion of
the silver species, at first, at the boundary of the central region and the hydrogen-containing
region. This depletion will strengthen during hydrogen-induced formation of Ag precipitates.
As a consequence of this depletion, the Ag nucleation rate in this region decreases, yielding a
reduced number of particles with increasing size of up to 5 nm. This effect is comparable to
the particle size increase at the edge of the silver-containing surface layer upon ion exchange
and subsequent annealing without hydrogen in glass samples whose thickness exceeds by far
the silver-ion penetration depth [26].

4.3. Ag particle size and interface effects

The rather different appearance of particles in samples of different Ag concentrations, on the
one hand, and in regions with different particle formation mechanisms of the ‘high-Ag’ sample
on the other hand, suggested a study of the influence of these conditions on the glass/metal
interaction across the particle–matrix interface. Changes of this interaction are sensitively
reflected by the lattice parameter of the particles, the size dependence of which determines
the interface stress f ∗. The interface stress, in turn, is a measure of the strength of interaction
across the particle/matrix interface. In fact, as mentioned above, this interface stress varies
characteristically according to the conditions applied. For particles formed in near-surface
hydrogen-permeation regions of the ‘low-Ag’ and the ‘high-Ag’ sample, interface stress values
of 1.0 and 0.7 N m−1, respectively, were obtained, whereas for silver particles in the central
region of the ‘high-Ag’ sample, 2 N m−1 was obtained. These variations point to the influence
of the specific mode of silver-ion reduction and mechanism of particle formation.

In a previous study we obtained for silver particles, formed in ion-exchanged glass upon
annealing at 635 ◦C, an interface stress of 4.5 N m−1 [4]. Comparison of this value to the above-
mentioned value 2 N m−1 from the present study obtained for particles from hydrogen-free
glass regions indicates that the different thermal histories of these samples (400 ◦C compared
with 330 ◦C for ion exchange and 635 ◦C compared with 500 ◦C for annealing) sensitively
influence the particle/matrix interaction. In contrast to this, distinctly smaller interface stress
values are found for particles in the hydrogen-permeated region of both the ‘low-Ag’ and
the ‘high-Ag’ glass samples. Since reduction of silver ions by hydrogen is accompanied by
extensive incorporation of hydroxyl groups into the glass matrix, the above findings point to
the importance of the glass network structure for the effects studied here.



Formation of silver particles and periodic precipitate layers in silicate glass 535

5. Conclusions

Thermally assisted permeation of hydrogen into Ag/Na ion-exchanged glass rather effectively
causes reduction of the Ag ions and precipitation of metallic Ag particles, whose defect
configuration is due to the rapid growth from the supersaturated solid solution. The spatial
distribution of the particles formed does not exhibit indications of periodicity or density
modulation unless the silver doping is so high that, sequentially in time and penetration depth,
a sufficient supersaturation of atomic silver is attained that a system of layered precipitates
is achieved. The formation and structural peculiarities of these silver particle layers may be
explained in terms of Ostwald’s supersaturation theory assuming hydrogen and silver ions as
mobile species. This process of self-organization takes place on a scale of less than 2 µm;
thus it needs electron microscopy to disclose details such as the layer position and width.

In the interior of the highly doped glass sample another particle formation mechanism,
based on Ag+ reduction by means of Fe2+ ions, was active. The particles formed thereby
exhibit no indications of periodic arrangement—but rather a random arrangement. In contrast
to the mostly defective particles in the near-surface region for the two samples, the internal
reduction leads to mostly single-crystalline particles. Since these different particle formation
mechanisms are accompanied by various modifications of the glass network structure, different
interface effects reflected by corresponding interface stress values are observed. Efforts are
in progress now to relate these differences to certain processes and structures relating to the
particle/matrix interface.
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