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ABSTRACT

Noble metals such as Ag can be used as nucleation agents in glass ceramics. In

glasses, it is incorporated predominantly as AgI. At temperatures slightly above

the glass transition temperature, Tg, AgI reacts with SbIII to SbV and metallic Ag.

Usually, face-centered cubic Ag particles are nearly spherical and get facetted

during crystal growth. By contrast, in the case of BaO/SrO/ZnO/SiO2 glasses,

silver has, in comparison to other noble metals, another significant, yet different

effect. It forms metallic particles (hexagonal phase) with plate-like morphology

during thermal treatment at 675 �C. In the second step of thermal treatment at

760 �C, this phase most probably expels some metallic Sb, which is oxidized by

SbV (present in the surrounding glass phase) to SbIII. As a result, the plate-like

morphology is maintained and a crystalline shell around the metallic core is

formed, mainly consisting of ZnO with some SiO2 and antimony oxide, as

proved by scanning transmission electron microscopy combined with energy-

dispersive X-ray spectroscopy. This shell triggers the volume crystallization of

Ba0.5Sr0.5Zn2Si2O7, a phase with low thermal expansion. By comparison, alloying

of Au with Sb does not occur according to the phase diagram. Instead, a thermal

treatment at temperatures slightly above Tg leads to nanocrystalline, spherical

Au particles. Hence, alloying and subsequent decomposition of the alloy is a

prerequisite for the formation of plate-like noble metal particles.
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Introduction

In many glass compositions, noble metals act as

nucleating agents, and the nucleation efficiency is

strongly affected by the number and size of the noble

metal particles [1–3]. Therefore, the presence of

antimony is quite essential for the effect of noble

metals as nucleation agents in many glass composi-

tions. This has recently been shown for glasses in the

system BaO/SrO/ZnO/SiO2 (denoted in the litera-

ture as LEAZit, which is an acronym for Low

Expansion Alkaline Earth Zinc Silicates) [4, 5].

Antimony in glasses is a polyvalent element and

may occur in the oxidation states ? III and ? V.

Under extremely reducing conditions, it might

additionally appear as metallic antimony. In the

presence of noble metals, alloying with metallic

antimony can take place, and hence, the reduction of

SbV occurs at less reducing conditions, due to the

Gibbs free mixing energy of the noble metal and

antimony. In any glass melt composition, the SbV/

SbIII-ratio is shifted to lower values with increasing

temperature [6–8]. This is utilized in glass technol-

ogy, where antimony is, first of all, a fining agent.

During the fining reaction, SbV is reduced to SbIII and

gaseous oxygen is formed.

Antimony is added to glass melts in order to

remove bubbles from the melt because the released

oxygen diffuses into small bubbles which are still

present from the melting process. This leads to a

growth of the bubbles, which then ascend much

faster to the surface of the melt, as their velocity

increases with the square of their diameter. This

reaction starts at a temperature which is affected by

the glass composition. As an example, in (widely

produced) soda-lime-silicate melts, this process starts

at around 1,150 �C. The maximum of this reaction,

i.e., the maximum of the oxygen release, is shifted to

higher temperatures with increasing alkaline and

alkaline earth concentrations [9]. Thermodynamic

data, however, are only available in the literature for

a few glass compositions, such as soda-lime-silicate

and borosilicate compositions [6–8]. Nevertheless, in

most silicate glasses, at the maximum temperatures

supplied during melting, antimony should predom-

inantly occur as SbIII.

Noble metals, such as silver, gold, or platinum

occur in glasses and melt as metals or in an oxidized

state, i.e. as Ag?, Au?, or Pt2? [10–15]. The redox

equilibria generally depend on temperature; how-

ever, this effect is very different for different poly-

valent elements. Hence, also redox equilibria between

different polyvalent elements may shift with tem-

perature. The studies presented in this paper were

performed in compositions based on the BaO/SrO/

ZnO/SiO2 system, from which the crystalline phase

Ba0.5Sr0.5Zn2Si2O7 can be precipitated. As recently

reported, this phase shows a low coefficient of ther-

mal expansion and hence is suitable to prepare glass–

ceramics or ceramics with zero thermal expansion

and high thermal shock resistance [16–18].

In the following, utilizing cutting-edge

microstructure diagnostics, it will be shown that the

addition of antimony does not only affect the redox

state of the noble metals but may also change the

morphology of the noble metal particles. Moreover,

the reduction of antimony to the metallic state will be

also considered and discussed, taking into account

the possible formation of alloys of antimony and

noble metals.

The main goal of this paper is to verify a new

mechanism of glass crystallization, which involves

different temperature-dependent redox reactions and

furthermore a third phase in between the nuclei and

the main crystalline phase. It is a further goal to

explain why different noble metals show very dif-

ferent effects.

Experimental procedure

Glasses based on the composition 8 BaO�8 SrO�34
ZnO�48.2 SiO2�1.5 Sb2O3�0.3 Ag [mol%] were melted

from reagent grade raw materials BaCO3, SrCO3,

ZnO, Sb2O3, AgNO3, and SiO2. Around 400 to 500 g

of the respective glass compositions were melted at

1,300 to 1,400 �C in an induction furnace using a Pt-

crucible. Afterward, the glass melt was stirred for 1.5

to 2.0 h using a rotation frequency of up to 100 min-1

and then cast into a mold. Subsequently, the mold

was transferred into a cooling furnace preheated to a

temperature slightly above the glass transition tem-

perature of the respective glass and then the furnace

was switched off. The glass cooled slowly to room

temperature with approximately 2–3 K/min. Glasses

with additions of Pt were melted in a similar way. For

this purpose, 0.005 and 0.01 mol% Pt were added to

the following glass composition: 8 BaO�8 SrO�34
ZnO�49.5 SiO2�0.5 Sb2O3. In order to obtain a
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homogeneous Pt distribution within the glass batch,

PtCl4 was used as raw material, which was dissolved

in acetone and afterward added to the batch, fol-

lowed by thorough mixing and subsequent drying.

Microstructural analyses were performed using

scanning transmission electron microscopy (STEM).

Those analyses were performed using a FEI TITAN3

80–300 STEM instrument operated at 300 kV and

equipped with a high-angle annular dark-field

detector (HAADF, Fischione Model 3000) and an

energy-dispersive X-ray spectrometry (EDXS) detec-

tor (four SDD detectors, FEI company).

Mechanical wedge-polishing, after gluing thin

sample pieces to a Mo half-ring as support structure,

was applied to obtain electron-transparent samples

using the grinding and polishing tool MultiprepTM

(Allied High Tech Products, Inc.). An Ar? ion broad-

beam milling step (precision ion polishing system

PIPS, Gatan company) was performed in order to

remove polishing residues and to achieve electron

transparent sections of the wedge-shaped sample free

of artifacts from mechanical grinding and polishing.

In order to prevent static charging under electron

irradiation, the sample was selectively coated with a

carbon film only fractions of a nanometer-thick using

3D-Micromac’s coatMASTER [19].

Results

The microstructure of a glass with the mol% com-

position 8 BaO�8 SrO�34 ZnO�48.2 SiO2�1.5 Sb2O3�0.3
Ag thermally treated at 675 �C for 30 h is shown in

Fig. 1. The morphology of the Ag nanocrystals is no

more that of a crystal with a cubic space group, but

that of a platelet.

Elemental distributions based on STEM EDXS (see

Fig. 2) show a plate-like crystal that is highly enri-

ched in Ag. All the other elements except for Sb are

depleted within this crystal.

During a second heat treatment step, carried out at

760 �C (i.e., at a temperature higher than in the first

step) for 5 h, the microstructure undergoes signifi-

cant changes (see Fig. 3). Around plate-like, metallic

Ag particles, oxidic shells containing Zn, Sb, and Si

are observed by EDXS. Those shells are depleted in

Ba and Sr. Careful quantification of subsets of EDXS

mappings show that on average the shell has, under

the assumption that the oxidation state of antimony is

SbV, the following composition: Si0.583Zn2Sb0.33O4,

while the core consists of metallic Ag. Unfortunately,

the former phase cannot be found in crystal structure

databases such as ICSD. Therefore, indexing of the

diffraction patterns is not viable due to the lacking of

reference structures to compare experimental

diffraction patterns with.

The core consists of metallic silver, which can be

seen in the spectra depicted in Fig. 4, the latter were

collected in the marked areas shown in the left panel

of Fig. 4. Furthermore, a high-resolution micrograph

is shown in Fig. 5, where lattice planes are visible.

The distance between those planes was measured to

be 2.4 Å, which is, within the limits of calibration

errors, identical to the distance of the {111} planes in

crystalline Ag, which is 2.36 Å. The shell is also

crystalline, which was proven via selected-area elec-

tron diffraction, SAED.

Observations made in the Ag/Sb nucleated system

are in notable contrast to those previously reported

from the same glass system in which Pt/Sb and Au/

Sb were used for nucleation [20, 21]. The usage of

those other noble metals always resulted in the for-

mation of approximately spherical particles. In Fig. 3,

also a Ba1-xSrxZn2Si2O7 crystal can be seen, which

surrounds the Ag-containing structure. However,

during TEM-analysis, those LEAZit crystals show

microstructural changes due to the effect of the

electron beam. The core and the shell, on the con-

trary, do not change during TEM analysis.

Figure 1 Large-scale micrograph of a glass bulk with the

composition 8 BaO�8 SrO�34 ZnO�48.2 SiO2�1.5 Sb2O3�0.3 Ag

(in mol%), after heat treatment at 675 �C for 30 h obtained via

STEM in HAADF mode.
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Discussion

Formation of metallic particles in glass

The formation of nanosized metallic particles in

glasses has frequently been described in the literature

[1–3, 22, 23]. In these studies, the morphology of the

particles does not deviate much from a cubic or

spherical shape (see e.g. Ref. [4]), but the crystals may

also show facets as the particles grow to larger sizes.

The formation of plate-like morphologies is very

Figure 2 STEM analysis of a sample with the composition 8

BaO�8 SrO�34 ZnO�48.2 SiO2�1.5 Sb2O3 0.3 Ag (in mol%),

thermally treated at 675 �C for 30 h. Elemental distribution maps

measured via STEM EDXS are given for Ba, Zn, Si, Ag, Sb, Sr,

and O. Moreover, the corresponding HAADF micrograph is shown

(top left). For each micrograph, intensity clipping was made so that

visibility gets improved but quantitative information (e.g. on

relative element content) cannot be derived. Less intense signals

typically lead to noisier appearance.

Figure 3 STEM micrograph of a sample with the composition 8

BaO�8 SrO�34 ZnO�48.2 SiO2�1.5 Sb2O3� 0.3 Ag (in mol%)

nucleated at 675 �C for 10 h and grown at 760 �C for 5 h. The

HAADF micrograph (top left), as well as the elemental distribution

maps of Ba, Zn, Si, Ag, Sb, Sr, and O, are shown.
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uncommon for a metal with a cubic crystal lattice. In

the following, it will be discussed why such mor-

phologies cannot be observed in glasses doped with

gold or platinum, although also from such glasses

small metallic particles are precipitated under similar

conditions.

To the best of our knowledge, the formation of

core–shell structures in glasses with metallic cores

and oxidic shells as thick as shown in Figs. 3 and 4

has up to now only been reported for the BaO/SrO/

ZnO/SiO2 system [5, 24].

At typical glass melting temperatures (i.e. at 1,300

to 1,650 �C), Ag, Au, or Pt occur as Ag? [15], Au? [20]

or Pt2? [22], or already as metallic particles. In the

presence of antimony, the fining reaction leads to a

high oxygen partial pressure and hence thorough

oxidation of eventually present metallic particles, at

least in the cases of the noble metals Ag and Au.

Upon cooling, the situation changes and in the

presence of antimony, redox reactions may take

place. The thermodynamics of the following redox

reactions:

2Sb5þ þ 2O2� ! 2Sb3þ þO2 ð1Þ

4Sb3þ þ 6O2� ! 4Sb0 þ 3O2 ð2Þ

can directly be measured in glass melts at high

temperatures by voltammetric methods [6–8, 15]

using platinum electrodes. Especially square wave

voltammetry is described in the literature to enable

the determination of standard potentials directly at

glass melting temperatures, i.e., in the range from 850

to 1,600 �C. Using this method, standard potentials

can also be measured as a function of temperature.

As e.g. reported in Ref. [6], current–potential curves

recorded using square wave voltammetry at high

temperatures in Sb-doped melts exhibit two maxima

which are attributed to the redox reactions according

to Eqs. 1 and 2. The potentials attributed to these

maxima are identical with the standard potentials of

the respective redox pairs. In Fig. 6, the standard

potentials of the SbIII/SbV and the Sb0/SbIII redox

pairs are shown as a function of temperature for a

soda-lime-silica glass melt. It should be noted that the

thermodynamics of the Sb0/SbIII redox pair is

strongly affected by the electrode material, i.e.,

whether there is the formation of an alloy or not, or

more strictly spoken by the Gibbs free mixing energy

of metallic antimony in the respective electrode

material. For example, standard potentials measured

Figure 4 STEM micrograph together with the EDXS spectra of

core and shell. The areas from which the spectra were taken are

marked in blue and red color, in correspondence with the color

representation of the spectra. The intensities of the spectra are

normalized to the Mo-signal, which results as stray signal from the

Mo half-ring onto which the actual TEM sample was glued.

Figure 5 TEM micrograph of a silver core proving crystallinity.

The dashed white lines mark a part of the border between core and

shell.

Figure 6 Standard potentials of the SbIII/SbV, the Sb0/SbIII as well

as of the Ag0/AgI redox pair shown as a function of temperature

(redrawn from [6, 15]), measured with platinum electrodes.
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at an iridium electrode, where according to the phase

diagram [25] alloy formation does not take place,

were much more negative [26] than in the case of

platinum electrodes.

Figure 6 also shows the thermodynamics of the

redox pair Ag0/AgI. Below around 1,150 �C, the

standard potential decreases with increasing tem-

perature, which is in contrast to the standard poten-

tials of the Sb-redox pairs and to all other redox pairs

up to now measured in glass melts. This means, the

oxidized state, i.e. AgI, is favored at higher temper-

ature. Generally, the interaction between the redox

pairs will change with temperature. It should be

noted that the Sb0/SbIII potentials are affected by the

electrode material (alloy formation of Pt and Sb, see

later) while the SbIII/SbV (all species are dissolved in

the melt) as well as of the Ag0/AgI potentials (Ag and

Pt do not form alloys) are not.

In principle, redox reactions will always take place,

if two (or more) types of polyvalent elements are

present [27–35] and the temperature changes. This

has experimentally been shown for redox compo-

nents, such as Fe2?/Fe3?/AsIII/AsV [27], Cu?/Cu2?/

SbIII/SbV [28], Cu?/Cu2?/AsIII/AsV [29, 30], Cu?/

Cu2?/Fe2?/Fe3? [31], Fe2?/Fe3?/Mn2?/Mn3?

[31, 32], and Mn2?/Mn3?/Cr3?/Cr?6 [33, 34]. These

studies were performed either by high-temperature

UV–vis-NIR [27–31, 33, 34] or by high-temperature

EPR spectroscopy [32]. It has further been reported

that these equilibria are successively shifted during

cooling until they are finally frozen at temperatures

around Tg. In the temperature range Tg-

100 K\T\Tg ? 100 K, the redox state is affected

by kinetics [35] and hence also by the cooling rate.

Numerical simulations of redox reactions during

cooling have been performed on the basis of experi-

mentally measured thermodynamic data [35]. There,

a diffusion-controlled reaction was assumed and

experimentally determined diffusion coefficients

[36, 37] of the respective redox species were used.

These simulations showed a good agreement with the

measured shift of the redox reactions and also

quantitatively explained the observed freezing.

In the cases regarded in this study, besides anti-

mony also silver, gold, or platinum are present in the

respective glass compositions. Hence, besides the

redox reactions of antimony described by Eqs. 1 and

2, the following reactions contribute:

4Agþ þ 2O2� ! 4AgþO2 ð3Þ

4Auþ þ 2O2� ! 4AuþO2 ð4Þ

2Pt2þ þ 2O2� ! 2PtþO2 ð5Þ

As a sum, the following reactions may take place

upon cooling:

2Agþ þ Sb3þ � 2Agþ Sb5þð3Þ � ð1Þ ¼ ð6Þ ð6Þ

2Auþ þ Sb3þ � 2Auþ Sb5þð4Þ � ð1Þ ¼ ð7Þ ð7Þ

Pt2þ þ Sb3þ �Ptþ Sb5þð5Þ � ð1Þ ¼ ð8Þ ð8Þ

On cooling, these reactions are shifted to the right-

hand side. This can be shown for Eq. 6 by the ther-

modynamic data reported in the literature [6, 15].

For Eqs. 1 and 3, equilibrium constants, K1(T) and

K3(T) can respectively be defined. The equilibrium

constant of Eq. 6, K6(T), is then given by: K6-

(T) = K3(T)/K1(T). From RT ln(K(T)) = -DG0 =—

DH0 ? TDS0 follows (with: DG0 = standard Gibbs

free energy, DH0 = standard reaction enthalpy, and

DS0 = standard reaction entropy):

K6 Tð Þ ¼ K3 Tð Þ
K1 Tð Þ ¼ exp �DG0

3 Tð Þ þ DG0
1ðTÞ

� �
=ðRTÞ

� �

¼ exp �DH0
3 þ DH0

1

� �
=ðRTÞ

� �
� exp DS03 � DS01

� �
=R

� � ð9Þ

TermðAÞ ¼ exp �DH0
3 þ DH0

1

� �
=ðRTÞ

� �

TermðBÞ ¼ exp DS03 � DS01
� �

=R
� �

The term (B) does (to a first approximation) not

depend on temperature; the DH�1-value of Eq. 1 has

been reported to be 169 kJ�mol-1 for a soda-lime-sil-

icate melt [6] while DH�3 is negative [15]. Hence, (-

DH�3 ? DH�1) is positive and K6(T) increases with

decreasing temperature. Then the equilibrium

according to Eq. 6 is shifted to the right upon cooling,

i.e., metallic silver is preferred during cooling if SbIII

is present. If SbIII is not present, silver remains in the

oxidation state Ag? due to a lack of a reaction part-

ner. In this context, it should be mentioned, that the

physical solubility of elemental oxygen in glass is

much too low to noticeably affect the redox equilib-

rium [38] in the case of glasses containing 0.3 mol%

silver.

It can also be seen by the deeper coloration of a

glass (yellow to brown), which is attributed to a

higher quantity of metallic silver, if to the same initial

Ag2O concentration in the batch, an excess of anti-

mony oxide is added [5]. Thermal treatments at

temperatures slightly above Tg result in a deeper
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coloration in Ag (yellow) as well as in Au (red)

containing glasses due to the plasmonic resonance of

Au- and Ag-clusters with diameters in the nanometer

range. The same base applies for Pt, where the grey

coloration was strongly dependent on the added Pt

concentration as well as on the size of the Pt clusters.

Adding Sb2O3 leads to the reduction of Pt2? in the

glass during thermal treatment [4].

For Eqs. 4 and 5, thermodynamic data are unfor-

tunately not reported in the literature. Nevertheless,

the intensity of the red coloration of the BaO/SrO/

ZnO/SiO2 glasses which solely contain gold and no

antimony is much less (or negligible) than in glasses,

containing both gold and antimony [20]. This is a

strong indication that also the reaction according to

Eq. 7 is shifted to the right when cooling.

During re-heating of ruby glasses with nano-sized

noble metal crystals at temperatures well above the

glass transition temperature but well below the syn-

thesis temperature of the glass, the mean size of the

particles gets smaller again, which is a proof of the

shift in the redox reaction [20]. Here, it can clearly be

concluded that with increasing temperature, the

redox reaction is shifted towards Au? and SbIII.

Morphology and alloy formation

Nevertheless, the redox reactions according to Eqs. 6,

7, 8 do not explain the differences in the behavior of

the different noble metals during their precipitation

from glasses. In the following, the phase diagrams of

noble metal/antimony are described in order to see

whether alloying of the noble metal and elemental

antimony may also affect formation of metallic par-

ticles as well as crystallization.

The system Pt/Sb

The phase diagram Pt/Sb has a deep eutectic point at

the composition Pt0.71Sb0.29 attributed to a tempera-

ture of 633 �C [39]. Hence, this eutectic should have a

strongly negative Gibbs free mixing energy. Minor

quantities of antimony are also soluble in metallic

platinum. For example, at a temperature of 755 �C ca.

7 at%, Sb can be dissolved in the cubic platinum

lattice. This temperature is within the range used for

nucleation and crystallization for many glass com-

positions. This is in agreement with EDXS analyses of

precipitated platinum particles which show only

minor Sb concentrations [4], so binary compounds

such as Pt4Sb should not play any role during pre-

cipitation of platinum nanoparticles from glass, at

least under conditions usually applied.

Upon cooling, the following reactions may take

place:

5Sb3þ ! 3Sb5þ þ 2Sb ð10Þ

xSb3þ þ xPt2þ ! xSb5þ þ xPt ð11Þ

2Sbþ xPt ! Sb2Ptx ð12Þ

ð5þ xÞSb3þ þ xPt2þ ! ð3þ xÞSb5þ þ Sb2Ptx
ð10Þ þ ð11Þ þ ð12Þ ¼ ð13Þ ð13Þ

The compound Sb2Ptx (with x[ 29) stands for a

solid solution, which has a cubic crystal structure

(space group Fm3m) and contains mainly Pt and

some Sb (B 7 wt%).

Since antimony should predominantly occur as

SbIII at high temperatures, it might undergo dispro-

portionation to SbV and elemental Sb (Eq. 10).

Otherwise, during cooling, it reduces Pt2? (which is

supposedly the most stable oxidized platinum spe-

cies) to the metal (Eq. 11). Finally, Pt and Sb form an

alloy (Eq. 12), which is thermodynamically favored

due to the highly negative Gibbs free mixing energy

(–135 kJ/mol [26]). These reactions should not be

consecutive, but concurrent steps. In summary (see

Eq. 13), this easily explains why some enrichment of

Sb in the platinum particles may occur. These solid

solutions have the cubic space group Fm3m, i.e., the

same as pure platinum.

Figure 7 shows the number of platinum particles as

a function of time determined in a glass with the

mol% composition 8 BaO�8 SrO�34 ZnO�49.5 SiO2�0.5
Sb2O3 and additionally 0.005 or 0.01 mol% Pt. The

number of particles was determined using laser

scanning microscopy (LSM) and the procedure is

described in detail in Ref. [4]. It is seen that the

number of crystals and hence probably also the

number of platinum particles increases steadily dur-

ing thermal treatment at 700 �C (Tg = 680 �C) for

times of up to 24 h (see Fig. 7). Scanning electron

microscopy (SEM) and EDXS showed that Pt/Sb

alloys are formed. That means that the platinum

particles in the presence of antimony are (at least) not

solely formed during cooling but during thermal

treatment at a temperature 20 K above Tg. In Fig. 7,

also the platinum concentration is varied (0.005 and

0.01 mol% Pt). It should be noted that the number of

particles for the twice as high Pt concentration is

J Mater Sci (2022) 57:6607–6618 6613



approximately about seven times higher. As the size

of the platinum particles does not differ much, this is

evidence that a certain concentration of platinum is

soluble in the melt under the conditions prevailing.

The reaction according to Eq. 13 does not lead only to

an alloying of Sb with Pt, but should also lead to a

higher SbV/SbIII ratio near the Pt particles, due to

limited diffusion.

The system Au/Sb

The phase diagram Au/Sb [40] is notably different

from the Pt/Sb diagram. Although there is also a

eutectic, the solubility of Sb in Au at 700 �C is around

1 wt% and hence notably smaller than that in Pt. The

second difference is that Au-rich, binary compounds

do not occur. The compound AuSb2 is the only binary

compound in this phase diagram. In a recent publi-

cation, it was shown that in the gold and antimony

doped BaO/SrO/ZnO/SiO2 glasses, any hint at

alloying of the gold nanoparticles with antimony was

not obtained [20]. In analogy, the calculations of the

wavelengths attributed to the plasmonic resonance

were in agreement with the dielectric function of

gold, using the mean particle sizes determined by

TEM. Alloying of the gold to a notable extent should

change the dielectric function and hence, also the

plasmonic resonance. The voltammetric peak poten-

tials of the SbIII/SbV redox equilibrium measured at a

gold electrode are approximately the same as those

measured at an Ir-electrode, which, according to the

phase diagram, does not show alloying with Sb [26].

This is another hint that an Au/Sb alloy is not

formed.

According to experimental studies, antimony

notably facilitates the precipitation of gold nanopar-

ticles and hence the formation of the ruby color [20].

If adding antimony to the glass batch, a much more

intense coloration is obtained under the same thermal

conditions. Hence, the initially formed Au? is

reduced by SbIII, and metallic gold as well as SbV are

formed according to Eq. 7.

As a consequence, the effect of antimony on the

precipitation of gold nanoparticles should be that the

redox equilibrium is shifted to the Au0-rich side (see

Eq. 7) during cooling. If the glass is heated to tem-

peratures just above Tg, gold atoms cluster and form

nanoparticles which give rise to the red coloration. If

too high temperatures are reached, the Au0 species

are oxidized by SbV and completely dissolve again in

the glass melt as Au? while Sb3? is formed.

The system Ag/Sb

To the best of our knowledge, all commercial glasses

from which nanocrystalline silver can be precipitated,

such as photothermal refractive glasses, usually

contain alumina [41, 42]. The lack of alumina in the

glasses considered in this paper changes thermody-

namics notably. By contrast to all studies on other

polyvalent elements in glass melts, the Ag?/Ag0

equilibrium in glasses without alumina is shifted to

the oxidized state with increasing temperatures [15].

The phase diagram Ag/Sb is reported in Ref. [43]

and a part of it is depicted in Fig. 8. In analogy to the

other phase diagrams discussed here, a deep eutectic

occurs. The phase diagram shows two binary com-

pounds. In contrast to the cubic lattice of metallic Ag

(space group: Fm3m), the two binary compounds

with the nominal compositions Ag0.84Sb0.16 and

Ag0.79Sb0.21 are hexagonal and orthorhombic with the

space groups P63/mmc and Pmm2, respectively [44].

Furthermore, at 700 �C, up to 7 at% antimony can be

dissolved in the silver lattice without changing the

space group (Fm3m). With further increasing anti-

mony concentrations, the hexagonal phase should

first additionally be formed and with increasing

antimony concentration exclusively be found.

Unfortunately, results from voltammetric mea-

surements of antimony doped glasses with silver

electrodes are not reported and can scarcely be

Figure 7 Number of crystals per unit volume as a function of the

nucleation time for samples containing 0.005 and 0.01 mol% Pt

after thermal treatment at 700 �C [4].
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obtained considering the low melting point of silver

(961 �C) which restricts the maximum temperature

for voltammetric measurements to around 800 �C,
which for most glass compositions is strictly impos-

sible due to the much too high viscosities at such

temperatures.

In the following, it is first assumed, that according

to the mechanism already described for the case of

Pt/Sb, during the first step of thermal treatment, at

675 �C (temperature T1 in Fig. 8), an Sb containing

alloy with an Sb concentration above the solubility

limit of Sb in the cubic Ag lattice is precipitated [45].

According to the phase diagram (see. Fig. 8), this

phase should be hexagonal with the space group

P63/mmc. However, during crystallization, the ther-

modynamic equilibrium is not reached and high

pressures in and around the particles might occur,

which both can affect the real positions of the phase

stability areas depicted in Fig. 8. Furthermore, the

small crystallite size may also favor other phases

which as a bulk phase would not be thermodynam-

ically stable. During the second step of thermal

treatment at 760 �C (temperature T2 in Fig. 8), this

phase is no longer stable and according to the phase

diagram, should decompose to cubic Ag (space

group Fm3m) and a liquid enriched in Sb (see arrows

in Fig. 8). This should take place above the decom-

position temperature Td, which is also marked in

Fig. 8. The morphology of the metallic particle is still

plate-like. The simultaneously formed liquid should

occur at the surface of the metallic particle and here a

shell of approximately constant thickness should be

formed. This shell should be enriched in Sb, whereas

the inner core contains only a comparatively small

amount of Sb due to the maximum solubility of 8 at%

for antimony in the silver lattice.

The composition of the shell in comparison to that

of the parent glass, determined by (TEM)EDXS

measurements, is reported in Ref. [5]. From this

quantification (1.3 BaO�0.5 SrO�71.7 ZnO�20.7 SiO2-

0.26 Ag2O�5.54 Sb2O3) as well as the results presented

in Figs. 2 and 3, it can be concluded that the EDXS

analysis of the core is attributed to a crystalline oxidic

phase with Zn, Si, and Sb as main constituents. The

occurrence of Sb in the shell is already described

above. A similar principle might explain the enrich-

ment of zinc in the shell. Metallic zinc, which may be

formed in silicate glasses, (see e.g. ref. [46]) can be

dissolved into the metallic silver lattice, even in high

concentrations [47]. Upon cooling, the solubility of

zinc in silver becomes lower and zinc is expelled

from the Ag-lattice. In literature, a ternary oxidic

compound containing Zn, Si, and Sb is not described.

The only Zn- and Si-containing compound, stable at

ambient pressure is willemite (Zn2SiO4). Neverthe-

less, the shell also contains Sb, which as described

above, may occur in the oxidation states SbIII and SbV

which possess ionic radii of 76 and 60 pm, respec-

tively. Zn2? and Si4? possess ionic radii of 60 and

26 pm, respectively. It is well-known that Zn in

willemite might be substituted against other divalent

transition metals, such as MnII [48], which possess

similar ionic radii. In principle, ZnII might partially

be substituted by SbIII or SbV. It is not sure, however,

in which oxidation state antimony occurs in the shell.

The other possibility is that the phase of the shell is

a binary compound in the system ZnO/Sb2O3/5, in

which SiIV is incorporated. Here two binary com-

pounds are found in the literature: Zn7Sb2O12 and

ZnSb2O4. The latter phase contains SbIII and is

tetragonal with the space group P42/mbc (135). Zn7-
Sb2O12 solely contains SbV and is cubic with the space

group Fd3m (227). In this structure, the tetrahedral

sites are occupied by Zn while the octahedral posi-

tions are occupied by Zn as well as by Sb. It can be

described as follows: (Zn)t(Sb0.667, Zn1.33)oO4. The

empirical formula according to the EDXS analyses of

the shell surrounding the metallic Ag core is Si0.583-
Zn2Sb0.33O4. The observed chemical composition,

however, assuming Si to occupy tetrahedral sites and

Figure 8 Part of the Ag/Sb phase diagram [43]. At T1, the

hexagonal phase is formed and after re-heating to T2, this phase

decomposes into the cubic Ag-rich phase and the liquid (red

arrow).
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the residual tetrahedral sites being occupied by Zn,

and the octahedral sites being occupied by both Zn

and Sb, the stoichiometry can be described as follows:

(Si0.583, Zn0.417)t(Sb0.33, Zn1.583)oO4. There are addi-

tional 0.0814 vacancies at octahedral sites. The Krö-

ger-Vink notation is hence as follows:

0.583SiZn
88, 0.253ZnSb’’’, 0.0814VSb’’’’’.

In summary in the silver- and antimony containing

glass, the following reactions take place:

I During heating of the glass melt (fining reaction

at low viscosities). Oxygen bubbles are formed

and SbV is transformed to SbIII: 2Sb5þ þ 2O2�

� 2Sb3þ þO2 ð1Þ
II At the lower heat treatment temperature (700

�C) nucleation takes place. SbIII reduces Ag? to

metallic Ag and SbV is formed. The gold atoms

cluster during thermal treatment just above Tg

and hence form nanoparticles: 2Agþ þ Sb3þ

� 2Agþ Sb5þð3Þ � ð1Þ ¼ ð6Þ
SbIII may also undergo a disproportionation

into metallic Sb and SbV.

5Sb3þ ! 3Sb5þ þ 2Sb ð10Þ
Sb and Ag form a hexagonal alloy with a plate-

like morphology.

III At the higher heat treatment temperature (760

�C). This temperature is above the stability

range of the hexagonal compound which hence

decomposes into a cubic solid solution of

metallic Ag with small amounts of Sb and

possibly some Zn. Some of the Sb and Zn is

expelled and afterward oxidized by SbV present

in the residual glass phase. Then around the

metallic Ag particle, a solid oxidic shell con-

taining Sb, Zn, and also Si is formed. Those

crystals are necessary to trigger volume crys-

tallization of LEAZit crystals.

The formation of the core–shell structure is quite

essential to achieve an effective formation and hence

a high crystal density of the low thermal expansion

phase. This is only possible in Ag2O doped glasses

since, in contrast to Au and Pt doped samples, only in

this case a third phase between the metallic nuclei

and the low expansion phase is formed.

The use of silver as nucleating agent together with

the redox partner antimony enables to achieve a more

fine-grained microstructure also in comparison to

oxidic nucleation agents, such as SnO2 [24], ZrO2 [49],

and WO3 [50]. The formation of cracks which results

from different coefficients of thermal expansion in

different crystallographic directions can widely be

avoided.

Conclusions

The reaction partner Sb has a very notable effect on

the crystallization behavior of BaO/SrO/ZnO/SiO2

glasses. In any case, the noble metal, present in an

oxidation state C 1, is reduced by SbIII, which is the

main redox state of Sb under the acting conditions.

In the case of Pt and Sb, also a part of the present

SbIII undergoes a disproportionation reaction, i.e. SbV

and metallic Sb are formed. The latter forms an alloy

with platinum particles, which is favored by the

strongly negative Gibbs free mixing energy. The

nucleating effect of Pt is strongly enhanced by the

presence of Sb.

In the case of Au and Sb, an alloy is not formed, at

least not to a noticeable extent. Nevertheless, Sb

strongly enhances the nucleation of metallic Au

nanoparticles, which are formed during cooling by a

redox reaction of SbIII and Au?.

In the most interesting and complex case of Ag and

Sb, during the first step of thermal treatment (the

nucleation step), a hexagonal phase with the nominal

composition Ag0.84Sb0.16 is formed which also shows

a plate-like morphology. During the second heat

treatment step, the temperature is outside the stabil-

ity range of the hexagonal phase and the latter expels

some Sb. After cooling, a metallic silver core with

plate-like morphology is observed. The expelled Sb is

enriched in a shell surrounding the metallic core. This

oxidic shell also contains Si and Zn and triggers the

crystallization of the LEAZit phase.
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