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Titanite (CaTiSiO5) was prepared from a mixture of CaCO3, TiO2 and SiO2 with and without high-energy mechanical 
activation. Niobium-doped titanite samples were prepared without mechanical activation from a mixture of CaCO3, TiO2, SiO2 
and Nb2O5 according to CaTi1-xNbxSiO5, where x = 0.0, 0.05, 0.1 and 0.15. All samples were heat treated at 1250°C for 4 h. 
Then, samples were characterized by X-ray di�raction (XRD) and UV-vis spectroscopy and selected samples were evaluated 
by cyclic voltammetry. Titanite was obtained as a single phase in samples with mechanical activation while the no activated 
sample showed the presence of second phases. The band gap values are within the range of semiconductor materials (3.34 and 
3.47 eV). The current densities under o� and on conditions were 1.06 and 1.65 mAcm-2, respectively. These values are related 
to the oxygen evolution reaction. The more appropriated results were obtained for the titanite obtained with mechanical 
activation. On the other hand, according to X-ray di�raction results, the maximum amount of Nb-doped titanite obtained 
after heat treatment was 95.1 wt.%. The band gap was reduced, from 3.48 to 3.36 eV, as Nb concentration was increased. 
Nonetheless, all titanite-based compounds are semiconductor materials suitable to be used as photocatalytic materials.
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Introduction

Titanite is a mineral classified within the nesosilicates. 
It has monoclinic symmetry and crystallizes in the space 
group A 2/a and P 21/a. Titanite (CaTiSiO5) is found 
naturally in igneous and mesomorphic rocks [1]. As it is 
one of the sources of titanium dioxide its name “titanite” 
is due to its high content of titania or titanium dioxide. 
Titanite allows substitutions within its structure such as 
Nb, Al, Fe, Cr and U. In the last decades this compound 
has received interest by mineralogists and researchers 
[2-9]. 

Speer and Gibbs [10] reported that the microstructural 
parameters of titanite allow it to host different ions into 
its structure. Their applications are diverse and it has 
been used for the immobilization of radioactive waste 
[11, 12], pigments [13, 14], orthopedic and dental 
implants [15, 16] and antibacterial applications [17, 18]. 

The methods used for preparation of titanite are 
sol-gel [16, 19], coprecipitation [19], combustion [19], 
spray pyrolysis [20] and solid-state reaction [17, 18]. 

Nevertheless, obtaining pure titanite is difficult to 
achieve. The solid-state-reaction synthesis has been 
carried out by mechanical activation in order to obtain 
a higher percentage of titanite [21-23]. The mechanical 
activation route is simple and allows to obtain more 
homogeneous materials. In addition, this method can be 
implemented for industrial processing [24, 35].

Niobium is a common constituent of mineral titanite, 
VIIAVIBSiO5, where A = Ca, Na, Sr, Mn, rare earth 
elements, and B = Ti, Sn, Sb, Al, Fe, Zr, Ta, Nb. 
Niobium-doped titanite has been prepared by solid state 
reaction method as reported in the literature [2], where Ti 
is partially substituted by either Nb or Al. All Nb-doped 
varieties of titanite adopt a space group A2/a, in which 
all cations in positions A and B are located at random 
sites. Both Nb-doped titanite and pure CaTiSiO5 consist 
of distorted polyhedra. The synthetic Nb-doped titanite 
compositions may be suitable for the encapsulation of 
radioactive waste [2]. 

Nb-doped TiO2 [36] has been used for coating the 
anodes in photoelectrochemical devices as lithium-
ion batteries. In this process, the use of preliminary 
mechanical activation plays an important role for 
successfully obtaining the Nb-doped TiO2 by solid-
state synthesis. The mechanical activation decreased the 
temperature and calcination time, in comparison to those 
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of the conventional ceramic synthesis. The formation and 
homogeneous distribution of submicron TiNb2O7 particles 
enhances the electrochemical performance improving 
conductivity [36]. The theoretical electrochemical capacity 
of TiNb2O7 is comparable with that of graphite.

In this study, the optical and photocatalytic properties 
of materials based on titanite obtained with and without 
mechanical activation were evaluated. On the other hand, 
the effect of Nb-doping of titanite, were evaluated in the 
same properties. 

Experimental

Sample preparation
Nb-doped titanite samples without mechanical 

activation were prepared according to the following 
formulation: CaTi1-xNbxSiO5, where x = 0.0, 0.05, 0.1 
and 0.15. Titanite samples were obtained from a powder 
mixture of CaCO3 (Barmex, 99%), TiO2 (Merck, 99%), 
Nb2O5 (Inframat, 99%) and SiO2 (Materias Primas 
Minerales de San José, 99%). The sample mixture 
without mechanical activation was homogenized in a jar 
with alumina balls using acetone as dispersing medium 
for 3 h in spinning rods. Powders were dried at 80°C 
for 24 h. Pellets of 10 mm in diameter and 5 mm in 
height were conformed by uniaxial pressing at 63 MPa. 
Pellets were heat treated at 1250°C for 4 h at a heating 
and cooling rate of 5°Cmin-1. 

The mechanical activation process of powders was 
carried out in air at room temperature in an attrition 
mill operated at 1590 rpm. The mill was charged with 
30 g of powder (15.31 g of CaCO3, 12.22 g of TiO2 and 
9.19 g of SiO2) for each milling time using 100 ml of 
ethanol as dispersant, occupying in total approximately 
two-thirds of the volume of the mill container. Powder 
mixtures were homogenized for 6, 8 and 10 h using 
Al2O3 balls with a diameter of 1mm as milling media. 
A ball/load mass ratio of 5/1 was used. After milling, 
mixtures were dried at 80°C for 24 h. Pellets of 10 mm 
in diameter and 5 mm in height were conformed by 
uniaxial pressing at 63 MPa. Pellets were heat treated at 
1250°C in air (Thermoscientific Lindberg Blue M) for 
4 h at a heating and cooling rate of 5°Cmin-1.

Characterization of samples
After sintering, samples were analyzed by X-ray 

diffraction (XRD, Philips®, Mod. X´Pert PW3040) using 
a current of 30 mA and a voltage of 40 kV in a 2θ range 
from 10° to 80° with a scanning step size of 0.02° and 
mean Cu Kα wavelength: 1.5418 × 10-10 m. The XPowder 
12 software (Ver. 2014.04.36) was used for quantification 
on full profile of the diffractograms by non-linear least 
squares regression. The UV-vis absorption spectra of the 
sintered samples were obtained by diffuse reflectance 
studies using a PerkinElmer® spectrophotometer Lambda 
365 model with integration sphere using BaSO4 as a white 
standard for 100% of reflectance. Current density was 

determined by the cyclic voltammetry technique using 
a Gill AC potentiostat-galvanostat (ACM Instruments®) 
and a solar simulator (ABET Technologies® model 
11002), under on illumination conditions (100 mWcm-2, 
AM 1.5G).

Electrochemical experiments
Cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) techniques were performed with a standard 
three-electrode system to identify the changes in the 
photoelectrochemical potential of the oxidation and 
reduction processes of the catalyst used (sample). 
A glassy carbon electrode was used as the working 
electrode, graphite wire electrode and Ag/AgCl acted as 
the auxiliar and reference electrode, respectively. The 
electrochemical active area of the working electrode 
(Ø = 5 mm) was estimated using CV and LSV techniques 
using a 0.5 molL-1 H2SO4 aqueous solution as a medium. 
The CV was activated at a scan rate of 50 mVs-1 and 
then 3 cycles at a scan rate 20 mVs-1. On the other hand, 
LSV was recorded at a scan rate of 5 mVs-1. The CV 
potential scan ranges from 0 to 1000 mV and LSV from 
500 to 1700 mV. 

Results and Discussion

Samples with mechanical activation
Fig. 1 shows the XRD patterns of the titanite-based 

ceramics with the following milling times: 0, 6, 8 and 
10 h. The main phases detected were titanite (JCPDS: 
87-0256; monoclinic; CaTi(SiO4)O), cristobalite (JCPDS: 
77-1317; tetragonal; SiO2), perovskite (JCPDS: 88-0790; 
orthorhombic; Ca(TiO3)) and quartz (JCPDS: 33-1161; 
hexagonal; SiO2). The titanite, perovskite, cristobalite 
and quartz phases were labeled as T, P, C and Q, 
respectively. 

Table 1 shows the semi-quantitative analysis of 

Fig. 1. XRD patterns of CaTiSiO5 materials at milling times 
of 0, 6, 8 and 10 h.
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the samples before and after high-energy milling. As 
observed, high energy milling promoted the formation 
of a single phase (titanite).

It is known that mechanical activation leads to materials 
with smaller particle size, larger surface area, higher 
number of defects and a high accumulated energy, which 
favors chemical reactions, promoting the formation of 
the desired compound at lower temperature. According 
to these results, 80% of titanite is obtained with no 
mechanical milling while 100% of titanite is obtained 
when powder mixtures are mechanically activated. The 
results of this process are comparable to those reported 
in the literature [21, 22]. 

The mean particle size of titanite-based ceramics 
with the milling times: 6, 8 and 10 h, obtained before 
any calcinations were 15.976, 37.246 and 12.594 µm, 
respectively, which were obtained by laser diffraction 
technique (Particle Size Analyzer (HORIBA, LA-950)). 
The particle size of sample milled at 8 h was higher 
than that of the sample milled for 10 h due to an 
agglomeration of particles during milling processes.

The band gap values of all the samples were obtained 
using the Tauc method [25]. Equations (1) and (2) were 
used to calculate band gap (Eg).

(αhν)1/n = A(hν - Eg) (1)

where α is the absorption coefficient, A is the absorption 
constant, hν is the photon energy and n can take different 
values depending on the type of the electron transition 
and is equal to 1/2 or 2 for the direct and indirect 
transition band gaps, respectively.

Band gap values were calculated using equation (2), 
where ν = C/λ.

Eg = (h × C) / λ    (2)

where h = Planck constant (6.626 × 10-34 J.s), C = speed 
of light (3.0 × 108 ms-1), λ = cut off wavelength (m) and, 
finally, the conversion considering that 1 eV = 1.609 × 
10-19 J. 

When α = 0, Eg = hν, which was calculated from the 
UV-vis spectra by extrapolating a straight line from the 
absorption curve to the abscissa axis. The band gap value 
obtained for the sample without milling was 3.34 eV, 

while for 6, 8 and 10 h samples the band gap values 
were 3.43, 3.45 and 3.47, respectively. Band gap values 
were also calculated using the Kubelka-Munk model 
[26], where only diffuse light is considered. These values 
were similar to those obtained by the Tauc method and 
indicate that these titanite materials are appropriate 
semiconductors.

Fig. 2 shows the absorption spectra of CaTiSiO5 based 
ceramic materials obtained before and after milling. 

As it can be observed in Fig. 2, the band gap of 
these titanite-based materials are within the range of 
that corresponding (2.75-3.6 eV) to the semiconductor 
materials [17, 27]. Furthermore, according to the 
literature, the threshold for direct optical transition from 
the valence band to the conduction band for titanite has 
been reported, the electron requires less energy to make 
a transition between bands and it is more efficient in 
its optical emission, and this is true in titanite-based 
materials [35]. Nevertheless, according to the results 
shown in the Fig. 2, band gap increases as the milling 
time was increased. This may be due to the reduction 
in the crystallite size [30-33]. 

Fig. 3 shows the cyclic voltammograms, testing was 
performed using glassy carbon electrode only (Bare GCE) 
without and with the based ceramic material obtained 

Table 1. Semi-quantitative analysis of the titanite-based compounds at different milling times.

Sample Composition Temperature (°C)/
time (h)

Titanite
 (wt.%)

Other phases
 (wt.%)

Without milling CaTiSiO5 1250/4 81.1
Cristobalite      1.3
Quartz           3.6
Perovskite      14.0

Milling 6 h CaTiSiO5 1250/4 100
Milling 8 h CaTiSiO5 1250/4 100
Milling 10 h CaTiSiO5 1250/4 100

Fig. 2. Diffuse reflectance UV-vis spectra of (a) Milling 10 h, 
(b) Milling 8 h, (c) M 6 h and (d) Without milling.
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using mechanical activation (after 6 h milling (Milling 
6 h/GCE)), both under on illumination conditions. The 
reason why the choice of Milling 6 h sample is due to 
the less required energy for the trials.

LSV of titanite, scanned at anodic potentials between 
500 and 1700 mV in 0.5 M H2SO4 aqueous solution, are 
shown in Fig. 4. The values were obtained under off-on 
conditions in order to determine the photo-electrocatalytic 
activity. Under dark conditions (dotted lines), electrodes 
exhibited a very small current, while under illumination 
conditions, the photocurrent increased to the range 

of 1.069 to 1.65 mAcm-2, with potentials higher than 
1400 mVAg/AgCl. The current shown in Fig. 4 and Table 
2 is related to the oxygen evolution reaction, similar 
values (0-2 mAcm-2) were reported in the literature for 
semiconductor ceramics [28, 29, 34].

Table 2 shows current density values (VC technique 
under off-on conditions) of titanite obtained at a milling 
time of 6 h.

Table 2 shows a minimum potential of 0.300 
mAcm-2 and a maximum potential of 1.069 mAcm-2 
under off illumination condition, while at on illumination 
a minimum potential of 0.300 mAcm-2 and maximum 
potential of 1.650 mAcm-2 are observed. Results 
showed in Fig. 4 and Table 2 suggest that the current 
density, associated to the oxygen evolution, increases 
by 50% under illumination conditions, which indicates 
that these materials have appropriated properties in 
photoelectrochemical applications.

Photoelectrochemical behavior of the mechanical 
activated titanite electrode was analyzed using the data 
obtained by the voltametric experiments and it was 
demonstrated that the photocurrent signal is significantly 
enhanced under on illumination condition [38]. This 
effect was attributed to the high tendency to scavenge the 
photogenerated holes during light illumination, which 
may effectively increase the photoconversion efficiency 
of hydrogen generation by lowering the potential and 
increasing the photocurrent. Based on these results, the 
working electrode (Milling 6 h/GCE) can be used as a 
photoelectrochemical sensor [28].

Its important to stablish a relationship between 
changes occurred on the ball-milling process and doping 
of titanite-based materials, and one of these relations is 
about determine their optical and photoelectrochemical 
properties but separately and then, compare such changes. 
The next section describes the niobium-doping process. 

Samples with niobium-doping process
Fig. 5 shows the XRD patterns of the Nb-doped 

titanite-based ceramics. The main phases detected were 
titanite (JCPDS: 87-0256; monoclinic; CaTi(SiO4)
O); cristobalite (JCPDS:77-1317; tetragonal; SiO2), 
perovskite (JCPDS: 88-0790; orthorhombic; Ca(TiO3)) 
and fersmite (JCPDS: 71-2406; orthorhombic; CaNb2O6) 
and quartz (JCPDS: 33-1161; hexagonal; SiO2). The 
titanite, perovskite, cristobalite, fersmite and quartz 
phases were labeled as T, P, C, F and Q, respectively.

The titanite content in the non-doped sample, 
determined by X-ray diffraction, was only 81.1%. As the 
Nb concentration is increased, the quantity of the formed 

Fig. 3. Cyclic voltammograms obtained with only glassy carbon 
electrode (Bare GCE) vs. Milling 6 h/GCE under on illumination 
condition.

Fig. 4. Linear sweep voltammograms (LSV) of milling 6 h 
scanned at anodic potentials between 500 and 1700 mV, scan 
rate of 5 mVs-1.

Table 2. Semi-quantitative analysis and electrochemical values of Milling 6 h.
Current density  
(mAcm-2) Off

Current density  
(mAcm-2) On Δ

Minimum potential 0.300 0.300 0.000
Maximum potential 1.069 1.650 0.575
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titanite was also increased. On the other hand, Fig. 6 
shows that the peaks corresponding to titanite are shifted 
towards lower 2θ angle due to the Nb-doping and the 

difference in crystal structure of different phases affect 
position of diffraction peaks. Hence two substances 
having different crystal structures will produce different 
sets of XRD scans. Table 3 shows the semi-quantitative 
analysis of phases obtained by the X-Powder software 
using the corresponding XRD spectra. This table 
shows also the current density values of titanite-based 
compounds at different Nb concentration obtained by 
the CV technique under off-on conditions.

LSV of Nb-doped titanite scanned at anodic potentials 
between 500 and 1700 mV in 0.5M H2SO4 aqueous 
solution, are shown in Fig. 7. The values were obtained 
under off-on conditions in order to determine photo-
electrocatalytic activity. Under the dark (dotted lines), 
the electrodes exhibited a very small current, and under 
on illumination, the photocurrent increased up to values 
within the range of 0.355 and 0.899 mAcm-2 as the Nb 
concentration was increased, with potentials higher than 
1400 mVAg/AgCl. Results showed in Fig. 7 and Table 3 
suggest that the current density, associated to the oxygen 
evolution, increases by 50% under illumination conditions, 
which indicates that these materials have appropriated 
properties in photoelectrochemical applications.

Fig. 8 shows the UV-vis spectra of Nb-doped titanite 
samples and their band gap values obtained using the 
Tauc method. 

Fig. 5. XRD patterns of CaTiSiO5 based materials doped with 
different quantities of Nb.

Fig. 6. XRD patterns of Nb-doped CaTiSiO5 based materials 
(25-29° 2 theta region).

Table 3. Semiquantitative analysis and electrochemical values of titanite-based compounds doped with different quantities of Nb.

Sample Current density 
(mAcm-2) Off

Current density 
(mAcm-2) On Crystal phase Content 

(wt%)

CaTi0.95Nb0.05SiO5 0.147  0.355
Titanite

Cristobalite
Quartz

95.1
2.8
1.0

CaTi0.9Nb0.1SiO5 0.384 0.699 Titanite
Fersmite

94.4
5.6

CaTi0.85Nb0.15SiO5 0.588 0.899 Titanite
Fersmite

93.0
7.0

Fig. 7. Linear sweep voltammetry of Nb-doped CaTiSiO5 at high 
anodic potential in 0.5M H2SO4, scan rate = 5 mVs-1.
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As it can be observed in Fig. 8, the band gap of these 
Nb-doped titanite-based materials are within the range of 
that corresponding (2.75-3.6 eV) to the semiconductor 
materials [17, 27]. Furthermore, according to the 
literature, the threshold for direct optical transition from 
the valence band to the conduction band for titanite has 
been reported, and it was stated that the electron requires 
less energy to make a transition between bands and it is 
more efficient in its optical emission [35]. According to 
the results shown in the Fig. 8, band gap decreases as the 
Nb-doping was increased. This may be due to presence 
of the substituting element, in this case Nb, which is 
partially occupying Ti sites into the crystallographic 
structure, this may increase the quantity of defects. Band 
gap of semiconductor changes when foreign impurities 
are added. Increase or decrease in band gap will depend 
which element in the semiconductor is replaced by 
which element. The changes in the properties of the 
titanite-based materials such as structural disorder and 
energy band-gap were correlated with the incorporation 
of Nb in their structure. Improvement of the optical 
and photoelectrochemical properties was achieved by a 
high thermal treatment and its potential applications, for 
example, as niobium oxide nanostructures on substrates 
[37, 39].

Conclusion

Pure titanite was obtained processing the precursor 
powders by high-energy milling attrition. When powders 
were not milled, samples showed second phases such as 
cristobalite, perovskite and quartz, apart from titanite. 
The band gap increased from 3.43 to 3.47 eV as the 
milling time was increased due to the reduction of 
crystallite size, while samples without mechanical 
activation showed a band gap of 3.34 eV. Results of the 
electrochemical analysis showed that the current density, 

associated to the oxygen evolution, increases by 50% 
under illumination conditions. 

Nb-doped titanite (CaTiSiO5) was obtained without 
mechanical activation from a mixture of TiO2, SiO2, 
CaCO3 and Nb2O5. The XRD reflections corresponding 
to titanite showed a displacement to lower values in 
2θ as the Nb amount was increased, which indicates 
the incorporation of Nb into the titanite crystalline 
structure. The band gap decreases as the Nb amount 
was increased. Furthermore, current density increased 
in about 50% under illumination condition as the Nb 
content was increased. According to the results obtained, 
these materials are potential candidates for photo-
electrocatalytic applications.

The powders obtained in both no milled and milled 
were analyzed by different techniques. At the same 
time niobium-doping process showed similarities about 
optical and photoelectrochemical properties between 
mechanical activation and doping processes. 
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