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1. Introduction 

 

Antimony phosphate glasses containing heavy 

metal oxides1, 2 have been studied due to their 
interesting characteristics like high linear and non-

linear refractive indexes3, 4, large transmission 

window5, low phonon  energy6, 7, which make them 
promising materials for several technological 

applications in photonics8-10 and plasmonics11, 12. 

Another emerging field is related to 
nanophotonic technologies by incorporating metal, 

semiconductor or magnetic nanoparticles into such 

dielectric materials and further to study using 

femtosecond lasers, in order to understand the 

fundamental properties of the interaction of light 

with this new kind of materials13-18. 

How it is a very new field it should be noted that 
several fundamental aspects must be considered, as 

for example, what size range of nanoparticles can 

lead to satisfactory results, what is the amount of 
nanoparticles supported without crystallizes and 

what is the influence of the glass matrix nature on 

the properties of the nanoparticles. 
In the case of glasses containing magnetic 

nanoparticles, the functionality of magneto-optical 

devices and magnetic sensors can be greatly 
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improved, but the development of magnetic glasses 

with nanoparticles dispersed satisfactorily remains 
a major challenge19, 20. 

For this reason, finding high refractive index 

matrices that are good hosts for magnetic 

nanoparticles is important. Despite intensive 
efforts to study antimony-based glasses, to our 

knowledge, there is no studies in the literature 

dedicated to the incorporation of magnetic 
nanoparticles in these glasses. 

The melt-quenching process for the 

incorporation of nanoparticles has been reported in 

the literature20-24, by mixing the glass precursors 
and nanoparticles powders before melting the 

material. As the melting process occurs at high 

temperatures, it is interesting to protect the 
nanoparticles to ensure that they do not dissolve 

after the process. 

Cadmium ferrite nanoparticles (CdFe2O4) have 
been studied due to excellent chemical stability and 

applicability in magneto-optical devices and 

semiconductor sensors25-28. These nanoparticles 

can be further functionalized by adding layers of 
silica, which can act as a protective layer of the 

nanoparticles during the melting29-31. 

In this context, the proposal of this work was to 
incorporate cadmium ferrite nanoparticles, 

synthetized by co-precipitation and coated with 

silica (CdFe2O4-SiO2) into the glass composition 
60SbPO4-30ZnO-10PbO using the melt-quenching 

technique. A structural, thermal and optical 

investigations were performed in the glasses 

containing the nanoparticles by means of, 
transmission electron microscopy (TEM), scanning 

electronic microscopy (SEM), atomic force 

microscopy (AFM), Raman spectroscopy, 
differential scanning calorimeter (DSC), M-Lines 

spectroscopy and UV-Vis spectroscopy. 

 
2. Experimental 

 

2.1 Synthesis of cadmium ferrite nanoparticles 

protected by a silica layer (CdSiNPs) 

 
The CdFe2O4 nanoparticles were synthesized by 

the coprecipitation method, using equal volumes 

(62.5 mL) of a 0.005 mol L-1 solution of cadmium 
nitrate tetrahydrate (Sigma-Aldrich 99%) and 

0.01 mol L-1 solution of iron nitrate nonahydrate 

(Sigma-Aldrich 99%). Then, under stirring, 

125 mL of a 1 mol L-1 solution of sodium 

hydroxide (P.A. Synth) was added slowly. The 

system was kept under a N2 atmosphere at a 
controlled heating rate of 10 °C min−1 up to 100 °C 

and was maintained at this temperature for 2 h to 

complete the reaction. The nanoparticles were 

washed and then dispersed using ultrasound in 
250 mL of ethanol 99%. Subsequently, 3.6 mL of 

tetraethylorthosilicate (TEOS) (Sigma-Aldrich) 

and 1.3 mL of 25% ammonium hydroxide solution 
(P.A Synth) were added in the dispersion of the 

nanoparticles. The system remained under 

mechanical stirring for 24 h under N2 atmosphere. 

Then, a heat treatment at 600 °C, at room 
atmosphere, for 5 h was performed to eliminate any 

organic residue. 

 
2.2 SbPO4-PbO-ZnO glasses (SPZ) containing 

CdSiNPs 

 
Glass samples were prepared by melt-

quenching process. The precursors used in the glass 

preparation for the 60SbPO4-30PbO-10ZnO 

system were SbPO4 (prepared as reported 
previously by Nalin et al.32), PbO and ZnO (grade 

purity 99%). A sample without nanoparticles (SPZ) 

and four samples containing 0.1, 0.5, 1.0 and 2.5% 
in mass of CdSiNPs (SPZ-0.1CdSiNPs, SPZ-

0.5CdSiNPs, SPZ-1.0CdSiNPs and SPZ-

2.5CdSiNPs) were prepared. The glass 
composition was weighed (sufficient to prepare 

25 g of glass) and subsequently homogenized using 

an agate mortar. The powder mixture was 

transferred to a Pt-Au crucible and melted in a 
furnace at 1100 °C for 30 min. Later, the melt was 

poured into a brass mold and crushed. The mother 

glass was separated into 5 portions of 5 g each one 
and then, the different percentages of nanoparticles 

(0, 0.1, 0.5, 1.5, 2.5) were mixed. The melting 

process was repeated for the 5 samples at 1100 °C 

for 7 min and poured in a brass mold heated at 
340 °C and left at such temperature for 2 h for 

annealing. This procedure is used to eliminate the 

internal residual stresses of the glass, resulted from 
the rapid cooling of the liquid and aims to increase 

the mechanical resistance. The finishing of the 

samples was obtained by polishing the glasses with 
SiC sandpaper with different grades. Figure 1a 

illustrates the silica modification of cadmium 

ferrite nanoparticles and Figures 1b and c the 

preparation of glasses by melt-quenching process. 
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Figure 1. Illustration of: a) silica modification of CdFe2O4, b) mixture of nanoparticles and 

glass precursors and c) preparation of glasses containing nanoparticles. 

 

2.3 Nanoparticles and glasses characterization 

 

X-ray powder diffraction were carried out for 
the CdSiNPs with a Bruker D8 Advance 

diffractometer operating with a Ni filtered CuKα 

radiation source at 2θ angle ranging from 10 to 80 ° 
with a step pass of 0.02 ° and a step time of 2 s. 

Transmission electron microscopy TEM were 

carried out using a Philips CM200 equipment 

operating at 200 kV and equipped with X-ray 
energy dispersive spectroscopy (EDS) Bruker 

model XFlash 6TI30. Samples were prepared using 

0.1 mg of CdSiNPs or SPZ samples containing 
CdSiNPs. After grounding, the powder was 

dispersed in 1 mL of isopropyl alcohol using 

ultrasound. Some drops of this suspension were 
applied on a copper grid coated with carbon film. 

Reflectance spectrum for the CdSiNPs and 

transmission spectra (in the spectral range from 

200 to 800 nm) for the SPZ-CdSiNPs glasses were 
recorded using a Varian Cary 5000 UV-Vis-Near 

infrared (NIR) spectrophotometer from the 

polished samples with 2 mm in thickness. Scanning 
electron microscopy images were obtained in a 

high-resolution Scanning Electron Microscope 

(SEM-FEG HR) – FEI Inspect F50 equipped with 

Energy Dispersive X-ray Spectroscopy (EDS) 
Probe (Inca Energy-Oxford) in the bulk sample 

covered with carbon film and in the powder 

dispersed in isopropyl alcohol by dripping the 
suspension onto a silicon substrate. Topography 

images of SbPO4-PbO-ZnO glasses (SPZ) 

containing CdSiNPs were obtained using a Park 
NX-10 Atomic Force Microscope. PPP-MFM 

probes (NanoWorld) with spring constant of 

2.8 N/m and resonance frequency within 75 kHz 

were used for measurements. Topography were 
acquired in air by single pass scanning at room 

temperature and humidity between 74.5 and 

75.5%. Topography was measured using the 
intermittent contact mode setup, slightly below the 

frequency of resonance. Analysis and processing of 

the AFM images were carried out with 

Gwyddion33. Raman scattering spectra were 
recorded at room temperature in a frequency range 

from 200 to 1150 cm-1 in a HORIBA Jobin Yvon 

model LabRAM HR micro Raman apparatus 
equipped with a 632.8 nm laser, delivering 17 mW. 

Differential scanning calorimetry (DSC) 

measurements were carried out using the DSC 
Q600 equipment from TA Instruments to study the 

thermal properties of glasses. Small pieces of 

glasses, with typically 15 mg, were heated in 

aluminum crucible from 150 to 600 °C at a heating 
rate of 10 °C.min-1, in N2 atmosphere (70 mL min-

1). The estimated errors are ± 2 °C for Tg and Tx. 

The refractive index of the samples was measured 
at 632.8 nm using a Metricon model 2010 

equipment. The estimated error is ± 0.0001. 

 

3. Results and discussion 

 

3.1 CdFe2O4 and CdSiNPs 

 
The X-ray diffraction pattern of the synthesized 

powder is consistent with a cubic phase of spinel 

structure (space group: Fd-3m) (Figure 2). The 
major peak located at 34.4 ° corresponds to the 
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(311) plane which can be readily ascribed to the 

characteristic peaks of the spinel ferrites. Except 
for the low intensity diffraction peak at 42.5 ° 

assigned to the Fe3O4 plane (400) according to the 

standard (JCPDS 19-0629) the remaining 

diffraction peaks match well with standard (JCPDF 
22-1063). The broadening of diffraction peaks 

indicates the nanocrystalline nature of the 

synthesized powder34. 
 

 
Figure 2. XRD pattern of CdFe2O4. 

A TEM image, obtained for the CdSiNPs, is 

shown in Figure 3. The upper inset displays the 

histogram obtained from several TEM images, 
with size distribution of 3.9 ± 0.1 nm. Moreover, is 

observed that the nanoparticles present a spherical-

like morphology. Plocek et al., prepared 

nanoparticles of CdFe2O4@SiO2, via sol gel 
methodology, with average size of 3.4 nm, and the 

TEM profile obtained is very similar to those 

obtained in this work29. 

 
Figure 3. TEM and histogram with the size distribution 

of CdSiNPs. 

 

The nanoparticles were synthesized by 

coprecipitation method and was used a surfactant-
free synthesis in order to avoid remaining organic 

compounds, that can induce bubbles during the 

synthesis of the glass and react with the Pt-Au 

crucible during the melting process. After coating 
the CdSiNPs with silica, the nanoparticles were 

heated at 600 °C for 5 h. For this reason, the 

nanoparticles are not isolate and monodisperses, 
but rather in the form of silica agglomerates. 

Figure 4a shows the diffuse reflectance 

spectrum for the CdSiNPs. This technique allows 

to obtain the band gap energy of the material. The 
Kubelka-Munk remission function is the most used 

for interpreting diffuse reflectance data. The 

absorption coefficient close to the edge of the 
absorption band is a function of the frequency 

according to Equation 1: 

 

(𝑎ℎ𝜈)
1

𝑛 = 𝐾′ . ℎ𝜈 − 𝐾′ . 𝐸𝑏𝑔                                             (1) 

 

In which K' is the absorption constant that 

depends on the properties of the material and h is 

the photon energy of the incident radiation; the 

exponent n can have values of 1/2, 2, 3/2 and 3 
corresponding to direct transition, indirect 

transition, prohibited direct transition and 

prohibited indirect transition, respectively35. 

 
Figure 4. a) Diffuse Reflectance Spectra of CdSiNPs, 

b) (F(R).h)1/2 as a function of the photon energy. 
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The absorption coefficient (𝑎) is related to the 

reflectance (R) measured by means of Equation 2: 

 

𝑎 = 𝐹(𝑅)                                                              (2) 

 

where F(R) is the Kubelka-Munk function which 
has the form expressed in Equation 3: 

 

𝐹(𝑅) = (1 − 𝑅)2 2𝑅⁄                                           (3) 

If 𝐹(𝑅). ℎ𝜈 
1

𝑛 is plotted as a function of the 

energy of the incident photon and the straight-line 

portion is extrapolated to 𝐹(𝑅). ℎ𝜈 
1

𝑛 = 0 , with 
n = ½ or 2, the band gap energy can be estimated. 

In Figure 4b is shown the graph of 𝐹(𝑅). ℎ𝜈 
1

𝑛 

as a function of photon energy (E) for n=2, which 

provided lower deviation in the linear regression, 

the indirect band gap obtained was 1.8 eV. Miao 
et al.36 calculated an indirect gap for a thin film of 

CdFe2O4 of 1.97 eV and Shi et al.37 also obtained a 

band gap of 1.97 eV for nanoparticles of CdFe2O4 

with 24 nm of diameter. Naseri28 obtained in his 

work a band gap of 2.06 eV for nanoparticles with 

a size of 47 nm treated at 673 °C. Based on these 
results, and due to the reduced size of the 

nanoparticles the band gap value obtained is in 

agreement with the literature. 

 
3.2 SPZ glasses containing CdSiNPs 

 

Figure 1c showed the profile of the matrix and 
vitreous samples containing nanoparticles 

obtained. The matrix color is light yellow and when 

the nanoparticles were incorporated to the samples, 

they became darker with intensification of the 
tonality with increasing the percentage of 

CdSiNPs. The color is characteristic of the 

presence of iron ions in the glasses38. The obtained 
samples are totally transparent and visually 

homogeneous. For compositions containing 

concentrations higher than 3.0% of nanoparticles 
the total crystallization of the samples occurred, 

indicating that the limit of nanoparticles supported 

by the SPZ matrix is between 2.5 and 3.0% in mass 

of CdSiNPs. 
By means of the TEM image of the sample SPZ-

2.5CdSiNPs it is seen in Figures 5a and 5b that the 

sample presents regions with different contrast 
from the glass without nanoparticles. When these 

regions were analyzed closely, the presence of the 

CdSiNPs were confirmed, showing that the 

incorporation occurred satisfactorily, although it 

did not occur homogeneously in the nanoscale. 
The Figures 5c and 5d were obtained in two 

different regions in which the nanoparticles present 

average diameter of 3.5 nm (histogram inserted in 

Figure 5d, obtained from images 5c and 5d), 
showing that silica coating was efficient to protect 

nanoparticles during melting at high temperatures. 

The smaller size with respect to the nanoparticles 
prior to incorporation can be explained by the low 

count number of nanoparticles in the glass, and also 

due to a possible dissolution of the silica layer at 

the edges of the agglomerates, consequently 
causing the dissolution of part of the nanoparticles. 

In this way, iron ions were dispersed into the matrix 

and explains the dark yellow color. 
 

 
Figure 5. TEM images of SPZ-2.5CdSiNPs sample in 

different regions: a), b), c) and d). The insert in d) 

shows the histogram made from TEM images for the 

sample including images c) and d). 

 

The morphology of the SbPO4-PbO-ZnO 

glasses (SPZ) containing 2.5% CdSiNPs were 
studied by SEM and AFM microscopy, Figure 6 

and Figure 7, respectively. Figure 6a and 6b 

displayed silica agglomerates containing CdFe2O4 
nanoparticles with different formats in the glass 

surface. Figure 6c shows the energy dispersive 

spectra (EDS) of the general area of Figure 6b. The 

Cd, Fe, Si peaks were clearly visible in EDS 
showing the presence of NPs within the glass. The 

Figure 6d shows the image of a suspension 

obtained from the sample deposited on a silicon 
substrate. Agglomerates are observed with 

different sizes and forms concentrated in certain 

regions of the sample, and these results are in 
agreement with the images obtained by TEM. 
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Figure 6. SEM-HR images of SPZ-2.5CdSiNPs sample covered with carbon film a) 

20.000x; b) 500.000x, c) EDX spectra of the general area of image (b) and d) SEM-

HR image for SPZ-2.5CdSiNPs suspension deposited on silicon substrate (20.000x). 

 

 
Figure 7. AFM topography images of 4 x 4 μm2 (a) 3D surface topography associated 

with the region (1 x 1 μm2) square draw on (a). 

 

Figure 7 shows AFM images corresponding to 

the SbPO4-PbO-ZnO glasses (SPZ) containing 
2.5% CdSiNPs. The topography of the SPZ-

2.5.0CdSiNPs sample and 3D AFM image clearly 

reveals the presence of different sizes of 
agglomerates containing the nanoparticles (30 nm 

until 0.3 m) uniformly disperses on glass, 

corroborating with TEM and SEM images. We 

assign the presence of the silica agglomerates to the 

low melting time (7 min), which was not enough to 

dissolve all the silica in the sample, protecting the 

nanoparticles. 
 

3.3 Thermal analysis  

 
Figure 8 shows the DSC curves for the matrix 

and for the samples containing nanoparticles in 

different percentage in mass. It is observed that the 

profile of the curves is the same for all samples. 
The values found for characteristic temperatures of 
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glass transition (Tg), onset of crystallization (Tx) 

and maximum crystallization (Tp) of each sample 
are resumed in Table 1. The addition of 

nanoparticles leads to a small increase in the value 

of Tg and Tx, attributed to the increase in the degree 

of structural rigidity due to the incorporation of the 
silica in the matrix. The parameter Tx-Tg, referring 

to the thermal stability of the glass, remains 

constant, showing that the addition of the 
nanoparticles to the glass did not destabilizes the 

composition. This behavior is important for 

applications when glass pieces with different sizes 

(for example, 10 x 10 cm) are required. 
 

 
Figure 8. DSC curves of the SPZ and SPZ-CdSiNPs 

glasses. 

 

Table 1. Characteristic temperatures of the SPZ-CdSiNPs glasses. 

 

3.4 Raman Spectroscopy 

 

The prepared samples were analyzed by Raman 
spectroscopy (Figure 9). Due to the higher 

proportion of SbPO4 in the glasses studied, the 

curves predominantly present bands characteristic 
of the phosphate groups, and can be attributed as 

published by Nalin et al.4 

 
Figure 9. Raman spectra of the SPZ and 

SPZ-CdSiNPs glasses. 

 

The band at 300 cm-1 is assigned to group 

modes.1 The bands at 461 and 404 cm-1 are 

assigned to symmetrical deformation of the PO4 

and the asymmetric deformation of Sb-O, 

respectively. While the bands at 617 and 551 cm-1 

are assigned to the asymmetrical stretches of 
vibrational modes P-O-Sb and asymmetrical 

stretching Sb-O. Finally, the bands at 1100 and 

972 cm-1 can be assigned to asymmetrical stretches 

of the PO4 and symmetrical stretching of PO4, 
respectively.  

Assignments for samples containing CdSiNPs 

are shown in Table 2. The positions of the bands 
remain constant and no evidence that the addition 

of the nanoparticles is modifying the structure of 

the glass was found. 
 

 

 

 
 

 

Samples Tg (°C) Tx (°C) Tp (°C) Tx-Tg (°C) 

SPZ 

SPZ-0.1CdSiNPs 

375 
379 

515 
519 

573 
571 

140 
140 

SPZ-0.5CdSiNPs 380 518 574 138 

SPZ-1.5CdSiNPs 381 523 582 142 
SPZ-2.5CdSiNPs 385 530 588 145 
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Table 2. Assignments of the bands observed in the Raman spectrum for the glasses studied. 

G.M.: Group Modes 

3.5 Optical measurements 

 
The refractive index values for glasses were 

obtained using the prism coupling technique, M-

lines spectroscopy and the values can be observed 
in the Table 3. 

The increase in nanoparticle concentration 

slightly reduced the refractive index, which can be 
attributed to the contribution of silica and the 

substitution of PbO and SbPO4 in the matrix, which 

have much higher polarizabilities, leading to a 

decrease in refractive index values. While 
Siqueira39 found to the same vitreous matrix a 

behavior of increase of refractive index with 

increase of the concentration of Fe2O3, which was 
attributed to the ability of iron ions to polarize 

neighboring atoms. 

Table 3. Refractive Indexes obtained for the SPZ 

and SPZ-CdSiNPs glasses. 

Samples Refractive Index 

SPZ 1.887 

SPZ-0.1CdSiNPs 1.886 

SPZ-0.5CdSiNPs 1.885 
SPZ-1.5CdSiNPs 1.883 

SPZ-2.5CdSiNPs 1.880 

 

Spectroscopy in the UV-Vis region was used to 

obtain transmission spectra of the matrix and 
samples containing CdSiNPs. Figure 10 shows that 

it occurs a red shift of the absorption edge with the 

increase in the percentage in mass of CdSiNPs. The 
decrease of the transmittance is due to light 

scattering from scratches on the surface of the 

glasses and also due to the scattering coming from 

the presence of agglomerates. Higher is the 

percentage of nanoparticles, higher is the 

agglomerates and, as consequence, lower is the 
transmission of the glasses. 

 

 
Figure 10. a) Transmittance spectra obtained for the 

SbPO4-PbO-ZnO containing CdSiNPs and b) (ah)1/2 

as function of the energy of the photon (E). 

 

The absorption limit in the visible region is 
called band gap energy and involves optical 

transitions between the valence and conduction 

Raman/cm
-1
 

Samples G.M.* δas Sb-O δs PO4 νas Sb-O  νas P-O-Sb νs PO4 νas PO4 

SPZ 300 404 461 546 617 972 1100 

SPZ-0.1CdSiNPs 298 404 465 547 617 973 1097 

SPZ-0.5CdSiNPs 299 405 467 547 619 972 1098 

SPZ-1.5CdSiNPs 300 405 465 547 617 973 1198 

SPZ-2.5CdSiNPs 298 405 467 549 619 972 1198 
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bands. Its value can be obtained from the 

transmission spectra using the PARAV software in 
which the transmission spectra of the glasses is 

inserted and also the values of the refractive 

indexes and thicknesses of the glasses are supplied 

to the software, which then generates the graph of 
(ah)1/2 versus E40. 

As already mentioned above, the absorption 

coefficient is a function of the frequency, so 
plotting a graph of (ah)1/2 as a function of the 

energy of the photon (E), is possible to obtain the 

band gap energy values of the glasses (Figure 10b). 

The Figure 11 shows the values of the optical 
band gap (Eopt) of the glasses (which were 

determined from a tangent drawn in the 

intercession of the curve (ah)1/2 versus E). Band 
gap energies decrease with increasing percentage 

in mass of CdSiNPs and it can be attributed to the 

fact that the nanoparticles and iron ions introduce 
new energy levels between the valence band and 

the conduction band of the matrix, showing that 

Eopt the of the SPZ glass is strongly sensitive to the 

presence of CdSiNPs. 
 

 
Figure 11. Optical band gap energy values obtained for 

the SPZ and SPZs containing CdSiNPs. 

 

The results obtained in this work are important 
from the fundamental point of view because 

demonstrate the possibility to use glass as a 

medium to disperse nanoparticles without 

dissolves them. Glasses containing nanoparticles 
are interesting system for several applications in 

photonics, however the nanoparticles usually are 

growth from the vitreous phase by means of a 
controlled heat treatment. The main drawback of 

such method is linked to the fact that most of 

glasses crystallize heterogeneously leading to non-
homogeneous optical properties. 

The innovation in this paper is related to the fact 

that we proved that nanoparticles with controlled 
sizes can be dispersed into glass matrix. Such 

results open the possibility to explore new 

functionalities for such materials in the field of 

photonics and magneto-photonics. It is important 
to remember the reader that conventional glasses, 

like those used for optical fibers, are not suitable to 

changes in the electromagnetic fields close to them, 
however, using this new hybrid glasses the 

magnetic properties of the nanoparticles may play 

a very interesting role on the manipulation of the 

light by means of changes in the magnetic field. 
Applications such as, sensors may be idealized 

using such new materials. These possibilities are 

currently under investigation in our laboratory. 
 

4. Conclusion 

 

In this work, the 60SbPO4-30ZnO-10PbO glass 

system was used as host for incorporation of 

CdSiNPs using melt-quenching process. We have 

shown that the method of protection of the 
nanoparticles with a silica layer is efficient and the 

incorporation in the vitreous matrix occurred 

satisfactorily, as presented in TEM and SEM 
images, although it is still necessary to improve the 

quality of the silica coating in order to obtain 

monodisperse nanoparticles and more 
homogeneous glasses. The DSC analysis showed 

that the matrix acquired greater thermal stability 

while Raman spectroscopy did not present 

evidence that the presence of the CdSiNPs 
modified the glass structure. This is interesting 

because nanocrystals were added in an amorphous 

matrix without causing crystallization of the 
sample. The presence of the nanoparticles induced 

a decrease in the refractive index and Eopt of the 

glass, showing that the CdSiNPs have influence on 

the optical properties of the material. The results 
obtained in this work may contribute towards the 

development of glasses containing nanoparticles 

useful for magneto-optics devices. In addition, it is 
important to emphasize that this methodology can 

be used for other types of nanoparticles such as 

bimetallic nanoparticles or nanoparticles with 
plasmonic properties, for example, thus expanding 

the range of possibilities of studies in the area of 

nanoparticles containing glasses. 
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