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The utilization of niobium oxide and its compounds has seen significant growth in recent years, 
with applications in ion exchangers, adsorbents, catalysts, supports, photocatalysts, and components 
of lithium and sodium batteries and capacitors. Brazil, having the world’s largest niobium reserves, 
aims to lead in related technologies. This study synthesized mesoporous Nb2O5 microspheres via 
emulsification/internal gelation from reactive NbCl5, developing a method to stabilize niobium 
pentachloride in aqueous solution. The microspheres were characterized for morphology, structural 
integrity (SEM), crystalline structure (XRD), and specific surface area and porosity (gas adsorption, N2). 
Additionally, TiO2 microspheres (from TiCl4) and their mixtures with Nb2O5 in mol ratios 81/19 and 
93/7 were obtained and characterized. The stabilization of NbCl5 in aqueous solution was efficient, 
enabling the synthesis of Nb2O5 microspheres and their TiO2 mixtures.
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1. Introduction
Niobium is regarded as a strategic element due to the 

numerous properties and applications of its compounds, 
whether as metals, salts, oxides, or others. Over the past three 
decades, there has been a growing interest in developing 
new technological applications for Nb compounds-based 
materials across various fields. This underscores the critical 
importance of research and innovation in this area, particularly 
in Brazil, which not only holds the largest natural reserves 
of niobium in the world but is also the leading producer of 
its compounds1-6.

Among the various applications, one that has been 
extensively explored is the use of niobium-based oxides 
in photocatalysis, proving to be a promising alternative to 
titanium oxide, the more commonly studied photocatalyst, or 
a possible mixing compound to improve efficiency. Niobium 
oxide (Nb2O5) has several interesting properties that allow it 
to be used in a wide range of applications. These properties 
include chemical stability and corrosion resistance in acidic 
and basic environments, low citotoxicity and chemical 
inertness, insolubility in water, and high photocatalytic 
activity with a band gap energy of 3.4 eV, which is quite 
similar to that of TiO2

2,7,8.
Titanium oxide (TiO2) is a semiconductor with a band 

gap of 3.2 eV that can be excited by UV light. It is chemically 
stable and corrosion resistant, and can generate highly reactive 
free radicals, enabling the degradation of organic pollutants 
and the purification of air and water through photocatalysis. 
In addition to its use as a photocatalyst, TiO2 is currently 
utilized in solar cells, pigments for painting, and plastics9.

The combination of TiO2 and Nb2O5 in composite 
materials offers several notable advantages, as highlighted 
in the literature. This mixture enhances photocatalytic 
properties due to the synergy between the oxides. Titanium 
oxide, particularly in the anatase phase, is renowned for 
its superior performance as a photocatalyst, especially in 
processes excited by UV light, due to its band gap energy. 
Nb2O5, in turn, contributes to increasing chemical stability 
and corrosion resistance, in addition to improving charge 
separation efficiency and reducing electron-hole recombination. 
The synergy between these two oxides gives rise to a 
material with enhanced properties, making it a promising 
candidate for various technological applications, including 
photocatalysis, removal of pollutants, and the development 
of advanced electronic devices and biomaterials. This 
composite material exhibits the optimal characteristics of 
both oxides, thereby ensuring superior performance across 
a range of technological applications10.

The internal gelation process was initially developed to 
produce U2O3 microspheres, which were subsequently utilized 
as nuclear fuel for HTGR (High Temperature Gas-Cooled 
Reactor) reactors. In summary, the process involves the cold 
mixing (below 5 °C) of a solution containing metal ions of 
interest with another solution containing organic compounds 
that act as gelling agents. The mixture is then dropped into a 
heated immiscible medium (between 70 and 95 °C), which 
promotes chemical reactions of hydrolysis and condensation 
that lead to the gelation of the droplets into a spherical shape. 
The advantages of this method include structural stability, 
compositional uniformity, size control, and reduction of defects11.

In this study, microspheres of niobium oxide, titanium 
oxide, and their mixtures were synthesized using the 
emulsification/internal gelation technique, an adaptation 
of the traditional internal gelation process. After washing, 
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drying, and calcination, the microspheres were subjected 
to a series of characterizations to assess their morphology 
and integrity using scanning electron microscopy (SEM). 
The crystalline structure was analyzed by X-ray diffraction 
(XRD), while the specific surface area and porosity were 
determined by nitrogen (N2) adsorption using the BET and 
BJH models.

2. Materials and Methods
The reagents employed in the synthesis of microspheres 

by means of the internal gelation process included 
hexamethylenetetramine (HMTA, C6H12N4, P.A., Casa 
Americana), urea ((NH2)2CO, P.A., Casa Americana), niobium 
pentachloride (NbCl5, CBMM), hydrogen peroxide (aqueous 
solution with 30% H2O2, Synth), and titanium tetrachloride, 
TiCl4 (99.9%, obtained at IPEN’s chlorination unit from 
titanium oxide catalyzed with graphite). In addition, HCl 
(37%, Sigma-Aldrich), Soybean oil (Liza), hexane (Synth), 
and ammonium hydroxide (30%, Synth) were utilized.

The following aqueous solutions were produced:
-	 HMTA solution with a concentration of 3 mol/L;
-	 Urea solution with a concentration of 3 mol/L;
-	 NbCl5 solution dissolved in H2O2/H2O;
-	 Titanium oxychloride solution with a concentration 

of 2.46 mol/L, obtained by controlled hydrolysis 
of TiCl4.

The internal gelation precursor solution was prepared 
containing approximately 0.8 M of total metal ions, 1.76 M 
of urea, and 1 M of HMTA. Based on previous studies 
(obtainment of titanium oxide microspheres), the quantity 
of urea and HMTA used in the precursor solution was 
1.19 M for both. The peroxo-complex method was utilized 
to obtain a stable solution containing Nb5+, which involves 
the stabilization of NbCl5 at low temperatures through the 
addition of hydrogen peroxide and water. At a temperature 
of 5 °C, the solutions containing the metal ions (Nb and Ti) 
were mixed with the solutions containing the organic agents 
(urea and HMTA).

This mixture was then introduced into a heated 
immiscible medium (Soybean oil at 90 °C) under constant 
stirring, thereby facilitating the gelation reaction and 
subsequent microsphere production. The emulsification/
internal gelation process is depicted schematically in 
Figure 1. These microspheres were then separated from the 
immiscible medium and subjected to a series of washing 
and hydrothermal treatments, aimed at extracting the 
organic phase. Thereafter, the microspheres were dried in 
air for 24 hours, followed by a 24-hour heating period at 
110 °C in an oven. The final step involved calcination at 
550 °C for 60 minutes under an argon flux12 at a heating 
rate of 1 °C per minute.

After the calcination stage at 550 °C, the microspheres 
were analyzed for their crystalline structure by X-ray 
diffraction (SmartLab SE conditions, Rigaku), morphology 
by scanning electron microscopy (SEM Tabletop TM3000, 
Hitachi), and for their specific surface area and porosity 
by N2 adsorption/desorption (ASAP 2020, Micromeritics).

The employment of this methodology resulted in the 
synthesis of microspheres of Nb2O5 (Nb-p) and a mixture 
of these two ions, in Nb/Ti mol ratios of 93/7 and 81/19, 
respectively. These two molar ratios were defined by analyzing 
the phase equilibrium diagram of the Nb2O5-TiO2 system13. 
Titanium oxide microspheres were prepared in a similar 
manner, but without the use of H2O2 and with a calcination 
temperature of 600 °C for 1 hour.

3. Results and Discussion
The micrographs obtained by SEM analysis of niobium 

oxide microspheres calcined at 550 °C demonstrated regularity 
in their geometry, accompanied by slight deformation of 
their morphology, as illustrated in Figure 2. This finding 
suggests that the gelation reaction occurred satisfactorily and 
that the washing and extraction procedures did not result in 
alterations to their morphology. However, it has not yet been 
possible to eliminate the cracks formed during the drying 
and calcination stages.

Figure 1. Schematic of the system employed for the production of microspheres by emulsification/internal gelation.
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The process for obtaining TiO2 microspheres from titanium 
tetrachloride has already been successfully developed in the 
CECTM/IPEN laboratories and has been described in detail in 
another publication14. Figure 3 shows some TiO2 microspheres 
developed in this work, calcined at 600 °C, without cracks, 
deformations in apparent sphere shape, or agglomeration.

As illustrated in Figure 4, the microspheres obtained 
from the mixture of Nb and Ti chlorides (Nb81 and 93) 
exhibited numerous cracks and fractures, which resulted in the 
complete loss of their spherical morphology. Further studies 
are necessary to identify the causes of these phenomena and 
to develop modifications to the process that would eliminate 
them, both in the pure niobium oxide microspheres and in the 
mixtures. However, the method used to obtain microspheres 
by emulsification/internal gelation from Nb and Ti chlorides 
has proven to be initially viable.

For the X-ray diffraction analysis, the calcined microspheres 
were ground in a mortar, and the diffractograms shown in 
Figure  5 were obtained. For the peak investigation and 
phase determination, Eva software (Bruker, 4.2 version) 

and PDF database (2003) were used. As predicted based 
on the calcination temperature, the pure microspheres, 
Nb-p and Ti-p, exhibited the spectra of the crystalline 
phases orthorhombic Nb2O5 (PDF #71-0336) and anatase 
(PDF #71-1166). The Nb-rich mixture (Nb93) exhibited a 
crystal structure consistent with Nb2O5, indicating that the 
Ti atoms entered the Nb2O5 crystal structure and replaced 
the Nb atoms (substitutional solid solution).

Conversely, the Nb81 mixture exhibited an amorphous 
structure at the calcination temperature employed (550 °C/1 hour), 
suggesting that the quantity of Ti atoms exceeds the limit 
required for substituting Nb in its crystal lattice. This 
phenomenon hinders the process of crystallization within 
the preexisting crystalline structure, thereby preserving the 
amorphous gel structure. It can be deduced that at elevated 
temperatures, an intermediate phase of (Ti-Nb)Ox will emerge 
in this specific mixture ratio.

The N2 gas sorption analysis was employed to determine 
the specific surface area using the BET method, as well as 
the pore volume, distribution, and average pore size (BJH). 

Figure 2. Niobium oxide microspheres (Nb2O5) calcined at 550 °C.

Figure 3. TiO2 microspheres calcined at 600 °C.
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Figure 4. Scanning electron micrographs of the microspheres of the mixtures of niobium and titanium oxides after calcination, where 
(A) refers to sample Nb81 and (B) to Nb93.

Figure 5. X-ray diffractogram of Nb-p, Ti-p microspheres and 
mixtures of Nb75 and Nb50 calcined at 550 °C for one hour.

The adsorption/desorption isotherms are shown in Figure 6, 
while the calculated values of specific surface area, pore 
volume, and average pore size are described in Table 1.

The adsorption curves obtained exhibited a shape 
analogous to type IV isotherms, as classified by the IUPAC. 
This characteristic is typically attributed to mesoporous 
materials. The hysteresis observed in the Nb-p and Nb93 
samples, classified as type H1, is commonly associated 
with materials possessing cylindrical pores, arranged in a 
regular or organized three-dimensional network. However, 
it is also linked to a minor population of ink-bottle shaped 
pores, where the size of the cavity is comparable to that 
of the neck15,16.

In contrast, the Ti-p and Nb81 samples exhibited 
comparatively more intricate hysteresis, consistent with 
type H2, attributed to a network of pores with ink-bottle 
shape and a wider variety of neck and cavity sizes. In 
the case of pure titania microspheres, this characteristic 
manifests as a subtle network of pores with narrow entrances 
and relatively uniform interiors. In the second case, the 
complexity of the mesopores present may be more intricate, 
exhibiting significant variations in size between the pore 
interior and the necks (adjacent tunnels). This suggests 
the presence of both cavities with narrow entrances and 
spacious interiors, and the opposite, approaching almost 
cylindrical pores15,16.

It has been observed that the specific surface area 
decreased with the addition of titanium when comparing 
Nb-p sample with the Nb93 and Nb81 mixtures, with the 
values being 78.1 m2/g, 65.4 m2/g, and 74.6 m2/g, respectively. 

Table 1. Calculated values for specific surface area (BET), pore 
volume (isotherm adsorption point at P/P0 = 0.95) and average pore 
diameter (BJH desorption).

Sample BET surface área 
(m2/g)

Pore volume 
(cm3/g)

Average Pore diameter 
(Å)

Nb-p 78.1 0.165 75.5

Nb93 65.4 0.199 104.9

Nb81 74.6 0.098 40.8

Ti-p 39.8 0.094 68.5
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The pure titania microspheres showed the smallest surface 
area among all, at 39.8 m2/g. The significant disparity 
between niobium-titanium oxide-based microspheres, 
can be primarily attributed to the crystallization of the 
niobium-rich mixture, while the other remained amorphous. 
This phenomenon suggests a reduction in free surface area 
due to the growth and stabilization of the network into a 
well-defined crystalline structure17.

A quantitative analysis of the pore size distribution 
graphs, presented in Figure  7, reveals those materials 
with higher pore volume exhibit mesopores with a broad 
size distribution and larger average diameters. This is 
exemplified by the Nb-p sample, which has pores ranging 
from approximately 40 to 120 Å, with an average diameter 
of 75 Å, and a volume of 0.165 cm3/g, and Nb93, with 
sizes varying from 50 to 200 Å, with an average diameter 
of 104.9 Å and a pore volume of 0.199 cm3/g.

The Nb81 sample exhibited the smallest average pore 
size (40.8 Å), with a volume of 0.098 cm3/g. Through the 
pore size distribution curve, an additional indication of the 
high complexity of its pore network could be observed, as 
suggested earlier by the hysteresis shape. The distribution 
curve exhibited an intense peak at 35 Å, with a range extending 
from 40 to 110 Å, thereby supporting the hypothesis of a 
network comprising numerous narrow channels and cavities 
of varying sizes.

The Ti-p sample exhibited a pore volume of 0.094 cm3/g, 
with an average diameter of 68.5 Å. It can be verified that its 
pore distribution is less extensive than the other microspheres 
obtained in the study, ranging from approximately 40 to 80 Å.

4. Conclusion
The peroxide oxidation method has demonstrated

significant advantages in chemical synthesis processes, 
particularly in the stabilization of metals such as niobium 
(Nb) in aqueous solutions. This method not only preserves 
the integrity of the metal species at low temperatures but 
also prepares the system for subsequent reactions, such 
as the formation of microspheres by internal gelation. 
The peroxide-induced stabilization is critical to prevent 
unwanted precipitation and maintain the metals in a soluble 
state, thereby facilitating process control and enhancing 
product quality.

Figure 6. N2 adsorption/desorption isotherms for Nb-p, Nb93, Nb81 and Ti-p.

Figure 7. BJH pore distribution for Nb-p, Nb93, Nb81 and Ti-p.
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In the internal gelling stage, achieving an optimal 
balance between gel formation kinetics and the mechanical 
strength of the material is fundamental. The selection of 
gelling agents and the concentration of total metals in the 
precursor solution play a pivotal role in the success of the 
process. The adjustment of these parameters can directly 
influence the uniformity of the microspheres, the absence 
of structural defects, such as cracks or fractures, and the 
efficiency of subsequent organic compound extraction 
processes. A primary challenge in synthesizing Nb2O5 
microspheres and their mixtures with TiO2 is the production 
of homogeneous materials, free of structural imperfections. 
The presence of cracks or fractures can compromise the 
mechanical and functional properties of microspheres, 
especially in applications where thermal resistance, chemical 
stability, and specific surface area are fundamental, such as 
catalysts or supports for chemical reactions.

Future studies could explore different ratios between 
niobium and titanium to investigate the synergistic properties 
of these metals in (Nb-Ti)Ox mixed oxides. In addition, 
the optimization of the internal gelation process for 
industrial-scale up should consider the control of gelation 
time, the mechanical strength of the gel, and the efficiency 
of the extraction of organic agents. These enhancements are 
expected to ensure the reproducibility of the process on an 
industrial scale, thereby expanding its potential applications in 
fields such as catalysis, metal ion separation, and the support 
of biomaterials. Furthermore, the large-scale synthesis of 
microspheres with controlled properties has the potential to 
yield new technologies in areas where advanced materials 
are in high demand.
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