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ing and discovery, but never get so caught up in it that you don’t look 
around yourself. Look sideways to your colleagues and relatives, look 
up to those more experienced and wiser, and never, never forget to look 
down to those who are less fortunate, those who depend the most on the 
advancement of science.”
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Cadmium silicates are materials of interest due to their stability and possible application as 
phosphors. There are three stable forms: cadmium metasilicate, CdSiO3, cadmium orthosilicate, 
Cd2SiO4 and cadmium oxyorthosilicate, Cd3SiO5. Of these, oxyorthosilicate is particularly 
challenging to obtain, leading to fewer studies. We have successfully prepared Cd3SiO5 using 
a sol-gel approach, employing cadmium acetate and tetraethylorthosilicate as precursors in a 
stoichiometric proportion of 2:1. Additionally, cetyltrimethylammonium bromide served as a 
template for creating a mesoporous structure. Adjusting the pH to 3 and subjecting the material to 
calcination at 800 °C for 6 h, we achieved the formation of cadmium oxyorthosilicate compound, 
identified by X-ray diffraction. Electron diffractometry and energy dispersive X-ray spectrometry 
confirm the phase purity. Characterization via nitrogen adsorption analysis and transmission 
microscopy shows aggregates of nanoparticles with a surface area of 6 m2 g-1 and a narrow pore 
diameter distribution centered at 5 nm.
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Introduction

Cadmium silicates are materials of interest due to their 
stability under moisture and acidic conditions. A possibility 
of tailoring phosphors exists in this matrix, due to the ionic 
radius similarity between Cd2+ and the most common 
doping agents, rare earth ions, and to the ionic nature of 
the Cd bonds in the structure.1,2 

Specifically, cadmium metasilicate (CdSiO3) features 
intrinsic persistent luminescence,3 and therefore dispenses 
the need of an activator or a sensitizer for luminescence to 
occur.4 Materials with persistent luminescence can be and 
are used in several fields, such as security lighting, toys, 
light emitting diodes (LEDs) as well as bioimaging and 
fingerprint identification.4,5 

Silicate synthesis is also being studied as a metal 
stabilization technique for heavy metal removal.6 
Cadmium is widely applied in alkaline batteries and 
metallurgical alloying due to its chemical properties. It is 
also naturally found as a component in some coals.7 These 
applications and its incineration as a solid waste have led 
to environmental contamination.7,8 Although cadmium 
and its oxides are very toxic, it has been shown that, when 
ionically bound to silicates, ion exchange does not occur at 
ambient conditions and therefore no cadmium is released 
into the environment.9

Stable cadmium silicate forms in three distinct phases: 
metasilicate‑monoclinic CdSiO3 space group P21/c similar 
to parawollastonita;1,10,11 orthosilicate‑orthorhombic 
Cd2SiO4 similar to thernadite,  Na2SiO4;1,11 and 
oxyorthosilicate‑tetragonal Cd3SiO5 of the space group 
P4/nmm.12

The structure of Cd3SiO5 is comprised of two non-
equivalent Cd2+ sites: one with Cd penta-coordinated with 
five O2–, where one Cd–O bond is shorter (217 pm) than 
the others (231 pm); and a second site where Cd is in 
distorted CdO6 octahedra surrounding SiO4 tetrahedra.12 
The structure of Cd3SiO5 has also been described as pseudo-
rhombohedral due to similarities with the structure of 
Ca3SiO5, but with a resemblance to the tetragonal structure 
of Sr3SiO5.1,13 Cadmium oxide-orthosilicate structure differs 
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from the other cadmium silicates because of the presence 
of Cd–O–Cd bonds.14

The metasilicate, CdSiO3, has been extensively studied 
as a phosphor. It is normally obtained by solid state reaction 
at temperatures above 1050 °C, but it can be easily obtained 
at temperatures as low as 580 °C using a molten precursor 
approach, as we have previously reported.15 The pure solid 
exhibits emission when excited at 240 nm, a wavelength 
close to the reported band-gap energy (5.18 eV).16 Emission 
occurs mainly in three wavelengths: 590, 490 and 406 nm.17 
The synthetic method is known to affect the intensity 
and the presence or absence of certain emissions as a 
consequence of defects created in the matrix.18

Studies have also been conducted with the orthosilicate, 
Cd2SiO4, which has a smaller band gap than CdSiO3.1 It 
does not display intrinsic luminescence, and therefore 
requires some sort of activator.4 For instance, doping with 
PrIII results in a persistent phosphor, while doping with 
TbIII does not.11 The luminescence mechanism is also being 
studied for these different phosphors.11,19

Cadmium oxyorthosilicate, Cd3SiO5, however, has not 
received as much attention due to difficulty in obtaining it 
as a single, or even major phase. It has been reported as an 
unwanted minor phase, generally in combination with one 
or both of the other phases.1,6,11 In this paper we present 
a method for the synthesis of the oxyorthosilicate using a 
sol-gel method. To the best of our knowledge, this is the first 
report of the preparation of this material as a single phase.

Experimental

The reagents  used were:  cadmium acetate 
CdC4H6O4.2H2O (99%, Sigma-Aldrich, Milwaukee, 
USA), tetraethylorthosilicate (TEOS) (98%, Sigma-
Aldrich, Milwaukee, USA) cetyltrimethylammonium 
bromide (CTAB) (98%, Sigma-Aldrich, Milwaukee, 
USA), hydrochloric acid HCl (Merck, São Paulo, Brazil) 
and sodium hydroxide NaOH (Merck, São Paulo, Brazil). 
All were commercially available and employed without 
further purification.

The sol-gel method was applied as follows: 0.6 g of 
CTAB (0.0016 mol) were dissolved in 288 mL of deionized 
water. Next, 3.36 g (0.0126 mol) of CdC4H6O4.2H2O 
were added to this solution, followed by dropwise 
addition of 1.3 mL (0.006 mol) of tetraethylorthosilicate, 
corresponding to a Cd/Si molar ratio of 2. The system was 
kept under constant stirring for 2 h at 80 °C. The pH was 
controlled using small amounts of HCl or NaOH adjusting 
to pH values of 3, 5, 7 and 8. Transparent, clear sols were 
observed in acidic and neutral solutions while a translucent 
milk-like sol was obtained for pH 8. The sols were dried at 

70 °C for 96 h, resulting in dried gels that were calcined at 
600 or 800 °C for 6 h. 

X-ray powder diffractometry (XRD) patterns were 
obtained for all samples using a Shimadzu Maxima 
XRD‑7000 (Tokyo, Japan) diffractometer, Cu  Kα 
radiation (0.15418 nm), at a scan rate of 2° per min. 
The diffraction data were collected from the angles  
2θ = 10 to 60°. All results were compared to the JCPDS 
(Joint Committee on Powder Diffraction Standards) 
database library. 

Transmission electron microscopy (TEM) images were 
acquired using a JEOL JEM 2100 microscope (Tokyo, 
Japan) with an accelerating voltage of 200 kV. Energy 
dispersive X-ray spectrometry (EDS) was performed as 
well as selected area electron diffraction (SAED) to confirm 
sample purity. SAED image was captured using a charge-
coupled device (CCD).

Surface area and pore diameter distribution were 
calculated by the Brunauer-Emmett-Teller (BET) method 
using N2 adsorption/desorption isotherms obtained with 
a Quantachrome Nova 1000e equipment (Belvidere, IL, 
USA). The samples were purged under static vacuum at 
300 °C for 10 h prior to analysis. 

Results and Discussion

Calcination temperature was studied by applying 
two different temperatures: 600 and 800 °C. The XRD 
pattern (Figure 1) shows that calcination at 600 °C was 
not sufficient to obtain the desired phase, as exemplified 
in Figure 1 for pH 5 and 8. Some peaks indicate cadmium 
oxide and silica formation as well as the silicates Cd2SiO4 
and Cd3SiO5. Using pH 8 (Figure 1a) resulted in a more 
pronounced amorphous silica halo at 25°< 2θ < 35° than 
the sample formed using pH 5 (Figure 1b). 

Samples calcinated at 800 °C (Figure 2), however, 
displays formation of identifiable cadmium silicate phases. 
Different pH conditions were also used during the sol-gel 
synthesis. Diffraction patterns can be associated to the 
phases Cd2SiO4 and Cd3SiO5.

It can be seen that, while Cd2SiO4 is formed under less 
acidic conditions (Figure 2a), the desired Cd3SiO5 phase is 
favored as the acidity increases (Figure 2d). Moreover, the 
samples become more crystalline at lower pH, as shown by 
their more intense peaks. This tendency of “contamination 
with Cd3SiO5” under more acidic conditions is observed for 
orthosilicate in other studies,18,20 and could be associated 
with some factors in the sol-gel synthesis: speed of gel 
formation and hydrolysis, as well as cadmium availability. 
The sol-gel method is greatly influenced by pH.21 It occurs 
in two processes: hydrolysis and condensation. While 
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And so, while the excess of CdO forms preferably 
Cd3SiO5, its volatility and its consumption during the 
reaction shifts the process towards the formation of 
Cd2SiO4.28,29

The crystallite size of samples 4, 5, and 6 were estimated 
using the Scherrer equation (Table 1). For Cd3SiO5, the 
peak at 31.8° exhibits highest intensity and therefore was 
used for calculation. 

From Table 1 it is possible to notice a shift in the 
position of the diffraction peak ranging from 31.6 to 31.9°. 
This difference is normally associated with lattice distortion 
and defects. Sample 6 resulted in the closest structure and 
a crystallite size of 24 nm.

TEM images were obtained for sample 6, corresponding 
to single-phase Cd3SiO5. The images show the presence 
of aggregates (Figure 3a) ranging from 500 to 3000 nm. 
Figure 3b highlights the coalescence of these particles. 

Figure 1. XRD patterns of samples obtained at 600 °C prepared 
at (a)  pH  8  (sample 1) and (b) pH 5 (sample 2) with the  
JCPDS No. 01‑089‑0221 Cd2SiO4 and JCPDS No. 00-026-0272 Cd3SiO5 
cards for comparison.

Figure 2. XDR patterns samples obtained at 800 °C prepared at 
(a)  pH  8  (sample 3), (b) pH 7 (sample 4), (c) pH 5 (sample 5), and 
(d)  pH  3  (sample 6) with JCPDS No. 01-089-0221 Cd2SiO4 and  
JCPDS No. 00-026-0272 Cd3SiO5 cards for comparison.

hydrolysis is favored in an acidic medium, the condensation 
process is accelerated under basic conditions, which 
interferes in the interaction between cadmium and silica 
network.21,22

Under alkaline conditions, there is also a competition 
between the formation of cadmium hydroxide and the 
silicate precursor. Hydroxide can then decompose into CdO 
during calcination, as shown in equation 1.20,23

Cd2+ + OH– → Cd(OH)2 → CdO	 (1)

This oxide can react with SiO2 resulting in one of the 
cadmium silicate phases, or mixtures of them (equations 2, 
3 and 4). The details of these mechanisms are currently 
under study, but experimental data suggest the following 
reactions for the formation of these species:6,24-27

CdO + SiO2 → CdSiO3	 (2)
2CdO + SiO2 → Cd2SiO4	 (3)
3CdO + SiO2 → Cd3SiO5	 (4)

There is also the possibility of conversion between 
phases (equation 5):

Cd2SiO4 + CdO ⇄ Cd3SiO5	 (5)
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Nanoparticles have a natural tendency to form aggregates 
and agglomerates due to attractive forces which become 
greater at the nanoscale and so the production of non-
agglomerated nanoparticles is a challenging task.

Small crystalline particles with no defined geometry 
were also observed (Figure 3c) with a size distribution 
from 10 to 65 nm and a main value of 20 nm. These could 
be primary, non-aggregated particles.

EDS analysis, shown in Figure 4a, was also performed 
to verify purity of particles obtained by TEM analysis. Only 
lines for Cd, Si and O are observed.

The relative intensity of the Cd and Si lines in our case 
is significantly higher than those observed in studies20,30 
involving CdSiO3 and Cd2SiO4, indicating a higher Cd/Si 
ratio corresponding to the phase Cd3SiO5. Moreover, this 
ratio increases steadily from CdSiO3 to Cd2SiO4 to Cd3SiO5.

The SAED pattern (Figure 4b) consists mostly of 
regularly spaced spots of a single crystal, which can be 
indexed to the Cd3SiO5 X-ray diffraction based on the 
calculated interplanar spacing (d).31 From the electron 
diffraction pattern, the spacing d can be obtained by 
equation 6:

	 (6)

It is possible to compare these values to X-ray 

diffraction by Bragg’s law (equation 7):

2dsenθ = n λ	 (7)

where l is the X-ray wavelength (0.1542 nm), θ is given 
from diffractometry peak position and n is order of 
reflection, usually n = 1. 

The calculated values are show in Table 2.
The nitrogen adsorption isotherm (Figure 5) can be 

identified as a type II by the IUPAC (International Union of 
Pure and Applied Chemistry) classification.32 These results 
indicate a non-porous or macroporous adsorbent. However, 
the pore distribution indicates the presence of mesoporous 
with a diameter of 5 nm. This is expected due to the use of 
CTAB as a template.33

Table 1. Crystallite size calculated by Scherrer equation

Sample name
Crystallite size 
calculated / nm

Peak position (2θ)a / 
degree

Sample 4 25 31.6

Sample 5 27 31.9

Sample 6 24 31.8
a2θ is the angle between incident and diffracted X-ray.

Figure 3. TEM images of sample 6 nanoparticles: (a) aggregated 
particles, (b) enlargement of a section to highlight particle coalescence 
and (c) primary particles observed.

Figure 4. (a) EDS analysis and (b) SAED pattern of sample 6 nanoparticles.
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The desorption curve forms a hysteresis loop similar to a 
H3 type, that could be associated with non-rigid aggregates 
forming slit-like pores.32

The surface area was calculated by BET, DFT (density 
function theory) and BJH (Barret-Joyner-Halenda) 
methods. Table 3 shows these results. The values calculated 
are very similar, obtaining a surface area of 6-7 m2 g-1. The 
small values of surface area obtained could be associated to 
the presence of aggregates shown in Figure 3, since surface 
area depends on a combination of factors: size distribution, 
porosity and irregularities. 

Having obtained the material as a single phase, its 
luminescent and morphological properties can be studied 
in further detail.

Conclusions

Single-phase cadmium oxyorthosilicate Cd3SiO5 was 

successfully obtained for the first time using a sol-gel 
route applying pH 3 followed by heat treatment at 800 °C 
for 6 h. Phase purity was confirmed by X-ray diffraction 
as well as EDS and SAED analysis. TEM images reveal 
aggregates of nanoparticles, which are congruent with the 
surface area results and the synthetic method used. The 
surface area calculated by the BET method was 6 m2 g-1 
with a pore diameter of 5 nm, indicating a material with 
mesopores. 
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