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Abstract: In this study we treated float glass samples in melts of silver containing salts. Our aims are to study 

the processes of Ag nanoparticle formation in order to clarify the most likely mechanism of colour and 

nanostructuring processes in the modified surface layer. The UV-VIS spectra show an absorption peak around 

450 nm as a prove for colloidal silver particle formation. The cut-off wavelength of the transmission varies from 

400 to 520 nm. The process of particle formation is studied by SEM and XRD. The structural changes in the 

glassy matrix are studied using DRIFT spectroscopy. The IR spectra proof that the structure of the glasses was 

modified mainly by the shift of the main stretching vibration in the 1050 – 1100 cm
-1 

spectral range. The 

analysis of the results of spectroscopic and microscopic studies allow conclusions to be drawn on the influence 

of the ion exchange time (5–60 min), composition of the salt melt (1-5 mol% AgNO3, 95-99 mol% NaNO3) and 

the additional heat treatment (700 - 900°C, 60 min) on the nanoparticle sizes, optical characteristics and 

structural changes in the surface layer of the glasses. 
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I. Introduction 
Nanosized metal particles embedded in silicate glass are subject of systematic studies in relation to the 

widespread application of these materials for photosensitive [1, 2] and strengthened glass [3-8], as well its 

decoration [9-19] creating an optically inhomogeneous environment (optical devices, waveguides etc.) [20-24]. 

Ion - exchange is a well-known technique for fabricating of these materials. It is well known that the 

multicomponent oxide glasses contain glass formers and modifiers - alkali metal ions assuring the appropriate 

physicochemical properties. If these ions (Li, K, Na) are introduced in the glass structure during the melting 

process the network bonds in the emerging structure are reduced due to the increased non-bridged oxygen. This 

phenomenon is a prerequisite for the ion - exchange as a result of inter diffusion of an ion (A
+
) associated with a 

glass matrix (X
-
) and a required metallic ion (B

+
) from salt bath (X

-
A

+
+B

+
 ↔ X

-
B

+
 + A

+
) leading to changes in 

the color, refractive index, chemical resistance, etc. The colouring of the glasses is due to the formation of 

metallic (Ag, Au, Cu) colloidal particles. Especially the silver ions with their ionic radius, high activity and 

mobility are very suitable for the ion - exchange treatment. There are a lot of literature data concerning the Ag - 

Na ion exchange in commercial Na - Ca silicate glasses. The silver ions are embedded in the glass surface using 

different mixed salts (AgNO3 [2, 25, 26], AgNO3 – LiNO3 [2]; AgNO3 – KNO3 [8, 27]; AgNO3 – NaNO3 [28, 

29, 30, 31]; AgSO4 - CuSO4 – Na2SO4 [13], AgNO3 – NaNO3 – CuCl [32]). In these cases the formation of 

colloidal silver particles is a result of a two-step ion-exchange [33], further thermal treatment [18, 24, 26, 32, 

34], UV or X-ray radiation requiring higher temperatures (450-700°C) and longer treatment times (60 – 600 

min.) [18, 24, 26, 32 - 35]. If glasses containing tin ions (float glasses) are used the formation of noble metal 

nanoparticles by ion - exchange is a result of the Ag reduction, gold or copper ions favored by low oxidation 

form of tin (Sn
0
, Sn

2+
) and followed deeper penetration, distribution and aggregation [12, 35 - 40]. This is a 

cost-effective process without additional treatment leading to higher consumption of time and energy. 

This research aims to study the formation and aggregation of nanoparticles in the surface layer of ion -

exchange treated float glass in melt containing silver salt in order to clarify the influence of the ion-exchange 

conditions (treatment time, concentration of silver ions in the composition of the melt and the additional heat 

treatment - temperature and gas environment) on the size of nanoparticles, the structural changes in the surface 

layer of the glass and optical properties of the glass. 

 

II. Experimental 
Materials and Reagents 

The experiments were made on float-glass samples with composition 73SiO2.13Na2O. 8CaO.4MgO. 

2Al2O3 (mol %) and size 25x20х3mm. They were treated in melts of silver containing salts with composition: 

 1 mol% AgNO3 : 99 mol% NaNO3 

 2 mol% AgNO3 : 98 mol% NaNO3 
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 5 mol% AgNO3 : 95 mol% NaNO3 

The ion - exchange process was performed in a vertical furnace. The glass plates were immersed in 

molten bath in porcelain crucible. The ion - exchange treatment was carried out at temperature 400°С and the 

time of treatment varies from 5 to 60 min. The samples were subsequently removed from bath, cooled to room 

temperature, washed in water and dried. Some of the ion - exchanged samples are additionally thermally treated 

at 700°-900° C for 60 min. 

 

Table 1 Composition of the melt, temperature and time of ion - exchange and additional treatment of float glass 

samples. 
Sample АgNO3:NaNO3 

mol% 

Ion-exchange treatment 

T (0C)    τ (min) 

Additional treatment 

    T(0C)    τ (min) 

0 detanrtnu ------------ --------- 

C2 9911 400         10 --------- 

C4 9911 400         45 --------- 

R2 8912 400         10 --------- 

R4 8912 400         45 --------- 

F1 5915 400           5 --------- 

F1-1 5915 400           5 700 (air)   60 

F1-2 5915 400           5 700 (N2)    60 

F1-3 5915 400           5 900 (N2)    60 

F2 5915 400         10 ---------- 

F3 5915 400         20 ---------- 

F4 5915 400         45 ---------- 

 

Characterization techniques  

UV-VIS spectra were recorded on UV-VISSIBLE (Cary100-Varian) spectrophotometer in the range 

300-800 nm. Structural and microstructural changes of the glass matrix, proving the formation of 

nanocrystalline particles were studied by Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT-

FTIR Spectrometer MATSON 7000). The phase composition was determined by XRD, using X-ray 

diffractometer Philips PW 1050. The morphological peculiarities are studied by Scanning electron microscopy 

(SEM-JEOL 5510). The size of the particles and roughness of the surface after treatment are registered by 

means of AFM (Nano Scope Tapping Mode TM).  

 

III. Results And Discussions 
 The visual evaluation of the ion - exchange glass shows that regardless of the treatment, all samples 

have a smooth, uniformly colored brown surface without corrosion and surface clouding. Significant difference 

in the staining intensity was not observed with increased salt bath time.UV-VIS spectra of the ion - exchange 

samples depending on the time of treatment are presented in Figure 1. Sharp decreasing in the transmission of 

the ion - exchange samples was found in comparison to the untreated sample. The appearance of the absorption 

peak around 450nm is due of the Surface Plasmon Resonance (SPR) in these samples and corresponds to the 

brown coloring of the glass. Some authors explain this peak by the formation and aggregation of Ag particles 

with colloidal dimensions [12, 32, 41-43]. SPR intensity and position depend on the concentration and size of 

the Ag nanoparticles diffused into the glass matrix [10, 11, 32, 44]. The cut-off wavelength of the transmission 

of these samples shifts from 300 (for untreated sample) to 530nm depending on the concentration and size of the 

Ag nanoparticles diffused into the glassy matrix. 

 
Figure 1 Transmission spectra of glasses before and after ion - exchange in a molten salt  5 AgNO3 –95 NaNO3 

mol% for various times at 400°C. 
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The change in the spectra of samples treated in molten salt with different Ag - ion concentration is 

shown in Figure 2. Trend towards transmission decreasing (Fig. 2a) was observed at shorter time of treatment 

(10 min) at Ag ion increased content in the salt bath. At longer processing times (45 min) the spectra of samples 

treated in melts with low Ag concentration (1-2% AgNO3) are similar (Fig. 2b). Transmission decreasing was 

found at the highest Ag concentration (5% AgNO3). Regardless of the salt bath composition all samples show 

that the cut-off wavelength of the transmission varies from 400 to 520 nm with AgNO3 increasing content. The 

maximum transmission at 700 nm, exceeding that one of the untreated sample was registered at lower salt bath 

concentration.  

 
Figure 2: Transmission spectra of ion - exchange treated float glass samples at 400°C and permanently 

processing time - 10 min (a) and 45 min (b), depending on the melt composition - C2, C4 – 

 

1 AgNO3, 99 NaNO3 mol%; R2, R4 – 2 AgNO3, 98 NaNO3 mol%; F2, F4  - 5 AgNO3, 95 NaNO3  

mol%;The influence of the additional heat treatment at 700˚C - 900˚C, 60 min in air or inert environment on 

optical characteristics of the ion - exchange treated samples (400°C, 5 min) is shown in Figure 3. For the sample 

additionally treated in air atmosphere at 700°C for 60 min lightening and shift of the cut-off of the transmission 

to shorter wavelengths (from 420nm to 380-400 nm) were observed. This could be explained by the 

displacement of equilibrium Ag
+
↔Ag

o
 to the left [38, 45]. When the same sample is additionally treated for the 

same time and temperature but at different atmosphere (N2) insignificant change of the color and lightening in 

500-600 nm region was found. The transmission of the samples (F1-1 and F1-2) above 600-650 nm is much lower 

than that one of the sample without additional treatment. At higher temperatures of the further processing the 

glass sample (F1-3) becomes completely opaque with extraction shape and milky opal color. These results show 

that the inert atmosphere favored aggregation of the formed silver nanoparticles.  

 
Figure 3 Transmission spectra of float glasses in dependence on the temperature and gas environmen at 

additional heat treatment for 60 min – F1 and without additional treatment; F1-1 – 700°C, air; 

 

 F1-2 - 700°C, N2; F1-3 - 900°C; N2The structural changes of silicate network occurring in the glass after 

the ion - exchange at different conditions are shown in Figure 4 by presence of the structural units Q
n
 (n – 

number of bridging oxygen atoms) according to SiO4 tetrahedra. On the DRIFT spectrum of before ion - 

exchange untreated glass present characteristic bands of Q
3 

stretching at 1065 cm
-1

 and bending at 476 cm
-1

 

vibrational modes of the Si - O - Si bonds. After the ion - exchange treatment the spectrum was not changed 
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significantly (Fig. 4a). The decreasing in the frequency of Q
3 

stretching band from 1065 to 1056 cm
-1

 is taken as 

evidence of the increasing number of non-bridging oxygen favoring the diffusion of metal ions in the glass 

matrix [46]. Similarly, the shoulders of the peak at 1065 cm
-1

 corresponding to Q
2 
(930 cm

-1
) and Q

4 
(1250 cm

-1
) 

shifted to lower frequencies due to depolymerization processes. The red shift of the main vibrational bond could 

be associated with densification of glass network reflecting to the decrease in Si-O-Si bond angles [47, 48]. On 

the other hand, Q
3
 bending band decreased also [476 → 467 cm

-1
], which is associated with increasing of 

bridging oxygen atoms. This behavior could be explained with emergence of the bonds between the modifier 

ions and the oxygen atoms from glassy network. In support of this conclusion is the broadening of 850-1250 cm
-

1
 IR region connected to replacement of Na by Ag ions [49]. It has been reported that Ag2O is characterized by 

the infrared bands at 525-540 cm
-1 

[50, 51], 540 or 645 cm
-1 

 and AgO with bands at 951 cm
-1

 and 986 cm
-1 

[52] 

corresponding to Ag-O stretching mode. In our case there are no bands at these frequencies, therefore it can be 

assumed that a significant amount of the penetrated silver is present in an elemental form. Probably the silver 

oxides are in minimal concentration due to the fast reduction of silver ions and could not be detected by the 

spectrometer. The presence of tin in low oxidation state in the surface layer of the float glass plays an essential 

role for the formation of colloidal silver particles as well for structural transformations of the glass matrix. The 

appearance of the weak bands around 615, 650 cm
-1

 in the spectrum of glass sample treated for short time (F1 - 5 

min), could be connected with the presence of υ(Sn-O) or υ(Sn-O-Sn) bond at 680 cm
-1

, respectively [51, 53-

57]. These bands were not observed during prolonged retention probably due to increasing amount of silver 

colloidal particles as a result of the oxidation of bigger quantity tin ions to Sn
4+

 with their deeper penetration 

compared to Sn
0
, Sn

2+
. Figure 4b shows that after the additional heat treatment at 700°C a shift of the band 

attributed to the stretching vibration of Si-O-Si (1065-1105cm
-1

) related to the polymerization of glass network 

in a result of the formation of bridging oxygen was observed. In this case the frequencies of both vibration Si - 

O - Si modes are shifted towards higher values and could be explained with formation of tighter glass network 

or it is also possible to consider that the tin ions are able to enter into the matrix as the glass-formers [46]. 

Furthermore, the additional processing leads to depletion of low oxidation forms of the tin preventing the further 

reduction of embedded silver particles and determines the increased presence of Аg
+
 ions in the surface layer of 

the glass and the occurrence of Ag - O bonds. In support of this conclusion is the result of UV-VIS analyses (see 

Fig. 3) showing crossing of silver particles from elemental in ionic state at these conditions. Therefore, it could 

be accepted that the band around 968 cm
-1

 corresponding to AgO, although in have been established different 

frequencies (at 951 cm
-1

 and 986 cm
-1

) characterized AgO [52]. The higher temperature (900°C) also causes 

polymerization of glass network - Q
3 
stretching band shifts from 1065 to 1076cm

-1
.  

 

  
 

Figure 4 DRIFT spectra of float glasses treated in melt with composition 5 mol% AgNO3-95 mol% NaNO3 

depending on: a) the time of treatment; b) the additional heat treatment 

 

XRD pattern of the silver ion-exchanged sample (F4) is shown in Figure 5. Diffraction peaks were 

appeared at 2θ position 38, 12˚; 44, 31˚ and 64, 45˚ corresponding to (111), (200) and (220) planes of silver 

alone has proved that the formed nanoparticles are elemental silver.  
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Figure 5 XRD pattern of F4 sample ion - exchange treated at 400°C for 45 min. 

 

SEM micrographs confirmed the presenting results (Fig. 6). The images show presence of 

nanocrystalline particles with spherical shape and size ranging from 15 to 100 nm. The increasing of the 

nanoparticles to 200 - 250 nm was observed after additional heat treatment. The higher temperature (900˚C) 

leads to the formation of surface crystallized layers, their phase separation and observed plate-like crystal 

morphology. 
 

 
Figure 6 SEM micrographs of float glasses before (0) and after (F1) ion - exchange in melt with composition 

5 mol% AgNO3, 95 mol% NaNO3 and after additional heat treatment  

for 60 min at temperatures 700°C (F1-2)and 900°C (F1-3) 
 

Three-dimensional AFM images present the topography of an ion - exchange sample (F1). The analysis 

shows the roughness of the background surface around 10-12 nm and the size of the formed nanoparticles are in 

the range of ~15 nm (Fig. 7).  
 

 
Figure 7 AFM images of surface of ion - exchange sample F1 with embedded Ag nanoparticles around 15 nm. 

 

The experimental data show significant changes in the optical properties of ion - exchange glasses 

treated in silver containing melts. The observed absorption peak around 450 nm was associated with the 

formation of Ag colloidal nanoparticles in the surface layer of the glass and explained staining in brown. A high 

content of Na2O in the composition of the float-glass is essential for the larger number of nanoparticles, their 

deeper penetration, formation of clusters and the significant intensity of coloring [44, 58]. The size of formed 

silver nanoparticles from 20 to 250 nm is established on the basis of SEM analysis. The evaluation of the 

absorption and the particle size was provided by investigation of the SPR band via Mie simulation (Fig. 8). It 

has been found that particles with size 20 nm exhibit only absorption caused by the dipole oscillations of the 
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conduction electrons and narrow SPR is appearance. While the presence of larger nanoparticles with size 50 nm 

or 150 nm is a reason for equal absorption and scattering or attenuation of the absorption, respectively (Fig. 8a). 

This phenomenon explains the limited transmission due to non-uniform electromagnetic field across the 

particles causing excitation of multiple resonances (eg. quadruple) and flat UV-VIS spectra [17, 59]. Therefore, 

the cut-off wavelength of the transmission of the ion - exchange treated sample can be associated with the 

formation of particles greater than 50 nm. The formed larger particles and the predominance of particles with a 

size around 50 nm in our sample (e.g. F1) are responsible for emergence of absorption peak namely around 450 

nm. The absorption spectra of the formed particles according to size were compared in Figure 8b. It is obvious а 

red shift with increasing the particle size to 50 nm. The occurrence of two peaks in the absorption spectra of 

particles with a size 100 - 150 nm as a result of multiple resonances can be associated with the displacement of 

cut-off wavelength of the transmission to higher frequencies, if optical characteristics are presented in a 

transmission. Its shifting to the right is an evidence for the raising of the concentration and particle size also of 

their deeper penetration leading to an intensification of the colour intensity of the glass samples [10, 44, 45, 60]. 

Furthermore, the red shift can be associated with an increase of the refractive index [61]. 

 

 
Figure 8 Optical properties of silver nanoparticles determined by Mie simulation 

 

DRIFT spectroscopy study of Ag/Na ion-exchange has shown that replacement of Na
+
 by Ag

+
 modifier 

ions induces structural changes in the glass network. It is known that the tin formed a hump in the surface layer 

of float glass, preventing deeper penetration of modifying ions [12]. This phenomenon is related to the presence 

of iron oxides in the composition of the glass (Fe
3+

 + Sn
2+

 → Fe
2+

 + Sn
4+

). The oxidation is carried out near the 

surface and limited the penetration of modifier ions. In the composition of our samples Fe
3+

 ions are not present, 

consequently in the tin profile could not be observed the presence of a satellite peak resulting of accumulation of 

Sn
4+

 [62, 63]. Thus is carried out an unobstructed diffusion of Ag
+
. This condition allows a deeper penetration of 

silver ions determining the high intensity of the colouring, chemical and mechanical resistance [64]. In this case 

the cumulative effect of Sn
4+

 will appear only after the penetration of Ag
+
 ions oxidized Sn

2+
 inducing structural 

changes in the surface layer. This was established with the appearance of bands in the IR spectra corresponding 

to the Sn - O bond. However, SnO2 in the glass surface leads to decreasing the number of bridging oxygen 

atoms and increasing the number of non-bridging ones favoring ion - exchange process [47, 65]. The 

concentration of tin ions in depth is higher and additional heat treatment allows their incorporation as glass 

formers as evidenced by the blue shift of Q
3 

stretching band. The higher temperature (900°C) leads to 

aggregation of Ag nanoparticles and formation of crystallized layers. 

These results confirm the data obtained by other authors [58, 66], concerning an ion exchange mechanism: 

- Diffusion of silver ions in the glass matrix replacing Na
+ 

ions. 

- Reduction of Ag
+
 to Ag

0
 favored by the presence of low oxidation form of the tin ions (Sn

0
 and Sn

2+
) located 

in the surface layer of glass [62, 67]; 

Silver colloidal particles show interesting optical properties. The induced deformation changes in the 

microstructure of the glass matrix can provide an UV protection, a high transmission in the near IR region and 

effective structural changes in the light-sensitive properties, which in turn may lead to their use for new 

applications. 
 

IV. Conclusions 

From conducted experimental work and the analysis of the optical and structural properties of ion - 

exchange glasses can be summarized the following conclusions:The treated samples are colouring in brown in a 

result of Na
+
↔Ag

+ 
ion - exchange and the reduction of Ag ions, favoured by the presence of tin ions in glass 

surface. With increasing the ion - exchange time the transmission of treated glasses in the visible range 

significantly decreases and the cut-off wavelength of the transmission shifts from 300 to 520nm. Absorption 
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peak around 450 nm on the UV-VIS spectra of these glasses was registered and proving the formation of silver 

colloidal nanoparticles as a reason for the colouring. The roughness of the background structure is 10-12 nm and 

the size of the nanoparticles varies from 15 to 200 nm.The concentration of silver ions in the salt bath at an 

operating temperature 400°C affects the staining intensity, size and quantity of silver nanoparticles in the 

surface layer of the float glass in dependence of the prolonged processing time. Significant influence over these 

processes provided additional heat treatment. This treatment provokes structural and morphological changes of 

ion - exchange float glasses depending on the temperature, the time of additional treatment and the gas 

environment. It was found the important role of tin ions for structural transformations of float glasses and 

crystallization processes proceeding in the glass surface. Variation in the frequencies of the characteristic bands 

of SiO4 vibration units in the glass structure is evidence for polymerization changes of the silicate network. 
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