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Abstract
In the present work, we report the obtaining of nanostructured porous Nb2O5

by anodizing process, with Pt, Ta, Cu, or Ti impregnation, and by magnetron
sputtering process. The techniques of scanning electron microscopy, X-ray
diffraction, and X-ray photoelectron spectroscopy were used to evaluate themor-
phology, and the composition and crystalline structure of nanoporous Nb2O5.
The photocatalytic activity was evaluated by electrochemical photocurrent tests
under UV light illumination. Nanostructured porous Nb2O5 with Pt, Ta, Cu, and
Ti impregnation presented bandgap reduction and 10 times higher photocur-
rent density in the presence of UV light when compared to the not impregnated
nanoporous Nb2O5.
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1 INTRODUCTION

The use of clean and renewable energy is explored on the
world stage; the depletion of fossil fuels and the pollu-
tion they generate are among the reasons that motivate the
research. Solar energy is a renewable and abundant source
of energy. Among the researches that stand out for the
use of solar energy, one of the most promising ones is the
production of H2 through the dissociation of water from

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. International Journal of Ceramic Engineering & Science published by Wiley Periodicals LLC. on behalf of the American Ceramic Society.

a photocatalyst.1 The hydrogen generated in this process
is converted into electricity without generating polluting
gases and as a byproduct only water.2
In 1972, Fujishima and Honda3 presented a method-

ology for producing H2 from the dissociation of water,
the water splitting process, based on a photocatalyst of
metallic oxide in a photoelectricity cell and the applica-
tion of a small power and solar radiation as a source of
excitation.
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Similarly, the process can carry out using a semiconduc-
tor that has the capacity to absorb the solar energy through
the electron/hole pair that acted as reducing and oxidiz-
ing agents in the production of H2 and O2.4,5 Titanium
dioxide (TiO2) is the semiconductor most studied because
of its structural, electronic, and morphological properties.
However, other metallic oxides, such as Ta2O5, ZnO, ZrO2,
Fe2O3, and Nb2O5, also present as photocatalysts in the
production of H2.6
Studies using Nb2O5 have received attention in recent

years and arouse the interest of application that calcu-
lates the aggregate value to the niobium for Brazil that
holds 98.53% of the world reserves.7,8 The niobium pen-
toxide (Nb2O5) is a semiconductor that has been studied
as a catalyst in reactions, such as esterification, hydroly-
sis, condensation, alkylation, and dehydration, which still
presents great absorption in the region of the ultravio-
let that, associated with suitable electronic and textures
properties, makes it potentially active for photocatalysis.9
The high specific surface area, controlled morphology,
crystalline phase, and high degree of crystallinity are
desired properties of a photocatalyst, which, in the case
of niobium, can be finely controlled by the synthesis
methodologies.10–12 In addition, Nb2O5 and TiO2 have a
sufficient reduction potential value to transfer electrons
from its conduction band to molecular oxygen and reduce
the rate of recombination of the charges, thus increasing
the efficiency of the photocatalytic process.13
However, the separation of the catalyst at the end of the

catalytic process and its reuse over several cycles is still
a challenge for nanostructured materials as they can dis-
perse in solution, although they present the best results,
form colloidal suspensions in aqueous medium, and make
it difficult to separate them.14 The immobilization of the
semiconductors in substrates in the form of thin films is
an alternative of great potential still to be explored, espe-
cially in the case of Nb2O5.15 Another challenge concerns
the fact that Nb2O5 is only active at light in the ultravio-
let region of the electromagnetic spectrum, presenting a
bandgap of ∼3.4 eV, which means that it is only able to
absorb photons with energy greater or equal to that value,
and this region corresponds to less than 5% of the solar
emission spectrum, whereas the rest of the spectrum is of
less energetic photons.16
To increase photocatalytic efficiency, the doping pro-

cess has widely been used in semiconductors. Different
papers report a modification in TiO2 properties when is
doped with metals or nonmetals. This modification is
related to the incorporation of the ions into the structure
of TiO2 by modifying the physical and chemical properties
of the material.17,18,19 Many transition metals, especially
noble metals, such as Au, Pt, Pd, Ir, and Ag, are used as
effective dopants to increase photocatalytic activity in H2

production and/or the degradation of industrial organic
materials. These added metals increase the absorption of
photons of lower energy, because the metallic and non-
metallic ions canmodify the energy of the prohibited band
increasing the absorption of the light.20,4 They still serve
as cocatalysts that are added on the surface of semicon-
ductor serving as “traps” for photoelectrons. Thus, when
migrating to metallic nanoparticles, the photoelectrons
are “trapped,” reducing the recombination effect of the
electron/hole pair.21
Wang et al.22 studied nanoparticles of TiO2, Ta2O5,

and Ta-doped TiO2 nanoparticles and showed that Ta-
doped TiO2 nanoparticles caused a decrease in bandgap
energy of the semiconductor, expanded the wavelength
response range to visible region and that the photocatalytic
activity was improved by increasing the photogenerated
electron/hole pairs. Already, Chittaranjan et al.23 reported
that the doping of titanium dioxide with niobium affects
its conductivity and that it improves the photocatalytic
performance in the water-splitting reactions.
Platinum has been used as a cocatalyst which is con-

sidered the most efficient element in the production of
hydrogen,24 but it is a noble metal, of high cost and
scarcity.25 Copper is a low-cost transition metal and has
been reported as an alternative to the use of platinum as
a cocatalyst26; in addition, copper oxide has photocatalytic
action in the predominant range of the solar spectrum, the
visible region, with bandgap energy of Eg ≅ 1.9–2.2 eV.27
We present, in this work, nanostructured porous Nb2O5

obtained by anodizing process aiming the photocatalytic
application. The nanoporous niobium oxides are syn-
thesized from commercially pure niobium through the
electrochemical anodizing process and are doped by mag-
netron sputtering with Pt, Ta, Cu, and Ti, characterized as
crystalline structure, chemical composition, and photocat-
alytic activity.

2 EXPERIMENTAL PROCEDURES

2.1 Synthesis of nanoporous Nb2O5

Nanoporous niobium oxides were prepared by an
electrochemical anodization of niobium metal foil
(0.9 cm × 2.5 cm) in an electrolyte containing 1.2-wt%
NH4F, 10% H2O in glycerol. The samples were used as
working electrodes, and a platinum plate was used as
a counter electrode. The anodization was carried out
at 20◦C for 90 min by applying a potential of 90 V.28
Afterward, the samples were impregnated by magnetron
sputtering with the metallic targets of platinum, titanium,
tantalum, or copper, with a power of 93 W, 250-mA cur-
rent, 3 × 10–3 mbar work pressure for 20 s.29 Finally, the
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samples were thermally treated under nitrogen atm-
osphere at 450◦C for 60 min.

2.2 Characterization of nanoporous
Nb2O5

The morphology of nanoporous niobium oxides was
obtained by anodization evaluated by field emission gun
scanning electron microscopy using the TESCAN model
MIRA3 operating at 20 kV.
The crystal structure was analyzed by X-ray diffrac-

tion (XRD) applying a potential of 40 kV with a current
of 40 mA in Philips X-Ray Analytical equipment. The
X’Pert HighScore software was used for the analysis and
interpretation of the results.
The samples were synthesized and analyzed by X-ray

photoelectron spectroscopy (XPS) measurements aiming
to determine the chemical components present in the
samples. The samples were introduced into the analysis
chamber at theD04A-SXS beamline endstation30 at Brazil-
ian Synchrotron Light Source (LNLS). The measurements
were performed at the long scan, Nb 3d, O 1s, C 1s, Ta 4f,
Cu 2p, Pt 4f, and Ti 2p scan regions. The spectra were col-
lected using an InSb (111) double-crystal monochromator
at fixed photon energies of hν = 1900 and 3000 eV. The
hemispherical electron analyzer (PHOIBOS HSA3500 150
R6) was set at a pass energy of 20 eV (hν = 1900 eV) and
30 eV (hν = 3000 eV), and the energy step was 0.1 eV,
with an acquisition time of 100 ms/point. The base pres-
sure used inside the chamber was around 5.0 × 10−9 mbar.
The monochromator photon energy calibration was done
at the Si–K edge (1839 eV). An additional calibration of the
analyzer’s energy was performed using a standard Au foil
(Au 4f7/2 peak at 84.0 eV). It was also considered the C
1s peak value of 284.5 eV as references to verify possible
charging effects. The XPS measurements were obtained at
a 45◦ takeoff angle at room temperature. XPS Peak ver-
sion 4.1 was used to fit the XPS results. All peaks were
adjusted using a Shirley-type background and an asymmet-
ric Gaussian–Lorentzian sum function (23% [hν= 1900 eV]
and 15% [hν = 3000 eV] Lorentzian contribution).
The bandgap measurements were performed by diffuse

reflectance with scanning from 190 to 1700 nm using Var-
ian Cary 5000 equipment and were calculated using the
Kubelka–Munk function.
The photoelectrocatalytic behavior was evaluated by a

photocurrent test using an Autolab PGSTAT302N poten-
tiostat. A three-electrode cell with platinum as the counter
electrode and theHg/HgO, as the reference electrode, were
used in a quartz reactor, and KOH 0.1-M solution was used
as an electrolyte. The light source was a 300-W Xenon
lamp with a filter AM 1.5 (100 mW/cm2). The polarization

curves were obtained in the presence and absence of light
by the application of a potential ramp from the open cir-
cuit potential up to 1 V with a sweep speed of 5 mV/s. The
photocurrent results were obtained by the subtraction of
the photocurrent values measured in the light region and
the dark region.31

3 RESULTS AND DISCUSSIONS

3.1 Morphological and chemical
characterization

The formation and growth of the nanostructure on the nio-
bium plates are monitored through the current transient
graph as shown in Figure 1A, where it is possible to verify
a profile similar to that reported in the literature32 for the
formation of nanotubes. In the present work, the nanos-
tructures obtained are considered nanopores because no
individualization of the nanotubes is observed. The accen-
tuated increase in current density in the initial minute
is related to the dissolution mechanism followed by a
decrease and a new increase less accentuated. This behav-
ior can be related to the formation of the nanopores
followed by the formation of the oxide layer and conse-
quent increase in resistance to the passage of electrical
current on the surface. Assuad et al.33 related the second
increase in current density with the decrease of the surface
resistance caused by the increase of the surface porosity
due to the formation of the nanotubes and consequent
increase of the surface area. Mueller et al.34 showed that
organic molecules from organic electrolytes can adsorb on
themetal surface during the anodizing process in niobium,
and this phenomenon hinders the passage of electric cur-
rent, decreasing current density values and modifying the
nanometric morphology.
From the niobium oxide layer (Figure 1C), it is possi-

ble to perceive a formation of nanopores with a length of
around 500 nm and an internal diameter of around 100–
200 nm. Morphology of Nb nanopores after anodization
similar to that was found in the work of Altomare et al.35
After the formation of a cluster on the niobium oxide

surface, was realized the heat treatment aimed at obtaining
Nb2O5. The XRD depicted in Figure 2 shows that compar-
ing the diffractograms of the samples not treated thermally
with the thermally treated samples notes the characteristic
peaks related to niobium substrate 2θ = 38.1◦, 55.3◦, and
69.3◦ according to the standards JCPDS 00-002-1108.
The anodized samples without heat treatment pre-

sented a layer of amorphous oxide as reported by other
studies.36,37 The XRD results showed that the heat treat-
ment promoted the formation of a crystalline oxide on the
anodized structure (Figure 2).
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382 ANTONINI et al.

F IGURE 1 Current density transients of the anodized sample and in detail the amplification of the initial region of formation of the
nanopores (A); scanning electron microscopy (SEM) images of the surface layer of the anodized Nb (B); and side view of the nanotube layer
after anodizing (C)

F IGURE 2 X-ray diffraction (XRD) results of anodized
samples, impregnated with transition metals and heat treated

The change of the peaks after the heat treatment
indicates that a crystalline structure has formed which,
according to ICDD (International Center for Diffraction
Data), is an orthorhombic structure, compatible with the
JCPDS 27-1003 standard. This structure has already been
reported by Galstyan et al.,11 also byWei et al.,36 which will
report the formation of the orthorhombic crystal structure
for nanostructures of Nb2O5 after the heat treatment.
In this study, the characteristic peaks of Nb2O5 were

identified in 2θ= 27.1◦ assigned to Nb2O5 (100) as reported
by Galstyan et al.38 The peaks at 2θ = 21.5◦ correspond to
orthorhombic Nb2O5 as indicated byWei et al.36 The peaks
at 2θ = 48.8◦ were associated with Nb2O5 (110) and the
peaks at 2θ= 54.4◦ with Nb2O5 (102).39,40 According to Liu
et al.,39 the peaks shown in 2θ= 57.3◦ and 2θ= 68.4◦ can be
associated with Nb2O5. Chan et al.40 performed XRD anal-
yses on heat-treated niobium up to 500◦C and found peaks
in XRD 27◦, 48◦ and 55◦ which were identified as Nb2O5
of pseudo-hexagonal crystal structure; in addition, these

same authors found peaks around 60◦ and 70◦ indicated
as Nb2O5 of a distorted octahedral structure.
In the diffractogram of the Cu-impregnated Nb2O5 sam-

ple, the characteristic peaks of CuO at 2θ = 37◦ and 46◦
were observed, showing that copper was deposited on the
surface of the nanopores. From the diffractogram of the Ti-
impregnatedNb2O5 sample, it was not found characteristic
peaks of TiO2, only peaks associated with Nb2O5. In the
diffractogram of the Ta-impregnated Nb2O5 sample, it is
possible to observe, in 2θ = 25◦, the peak associated with
Ta2O5.
For the Pt-impregnated Nb2O5 sample, two diffraction

peaks were observed at 2θ = 39.8◦ and 46.4◦, which were
assigned to reflection lines (111) and (200), respectively, of
the face-centered cubic structure of Pt2O (JCPDS 65-5066).
The application of semiconductors for photocatalysis

can be optimized by inserting into its crystalline struc-
ture atoms of another metal that facilitates the separation
of charges inhibiting the electron/hole recombination.41
The technique of deposition via sputtering allows the
formation of clusters of nanostructures with nanometric
particles capable of influencing the electron/hole recombi-
nation without building up the nanopores. For Ishikawa,42
the crystalline structure promotes a smooth electron flow
from the outside to the inside of the array through the
boundaries of the nanocrystals, accompanied by outside-
hole consumption and noble metal deposition in the
recesses of the surface pores. The crystalline structure
contributes to a smooth conduction passage of excited
electrons formed by UV irradiation, and pores deposited
Pd particles showed good durability and catalytic activity
during its use.
In Figure 3, it is possible to observe the micrographies

of the surfaces impregnated under 20-s deposition of
platinum, tantalum, titanium, or copper, which evi-
denced that the impregnated surface has not changed.
However, from EDS analysis, the presence of the
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ANTONINI et al. 383

F IGURE 3 Scanning electron microscopy (SEM) images of Nb2O5 nanoporous after sputtering deposition of platinum (A), copper (B),
titanium (C), and tantalum (D). EDS diffractograms indicative of the presence of the deposited metals: platinum (E), copper (F), titanium (G),
and tantalum (H)

F IGURE 4 Nb 3d X-ray photoelectron spectroscopy (XPS) measurements of the samples impregnated with Cu, Pt, Ti, Ta, and without
the formation of cluster measured with (A) hν = 1900 eV and (B) hν = 3000 eV. The black points correspond to the experimental data, the dot
line the Shirley background, the gray line the best fitting performed, the red line the Nb2O5, the green line the NbO2, the orange line the NbO,
and the blue line the metallic Nb component

deposited metal was identified on the surface, as shown in
Figure 3.
Figure 4 shows a comparison between the Nb 3d XPS

spectra of the samples impregnated for two distinct pho-
ton energies of (a) hν = 1900 eV and (b) hν = 3000 eV. The
change of the photon energy gives a change of the inelastic
mean free path from λ = 2.8 nm (hν = 1900 eV) to 4.2 nm

(hν = 3000 eV)43 for the photoelectrons coming from the
Nb 3d electronic level. It is possible to observe a clear
component associated with Nb2O5 for all the samples ana-
lyzed. However, the sample impregnated with Pt presents
a small component associated with NbO2 at hν = 1900 eV.
This sample is composed by 93% Nb2O5 + 7% NbO2 in the
region probed by this photon energy. At hν = 3000 eV, the
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composition turns to 100%Nb2O5, demonstrating the pres-
ence of NbO2 only at the surface of the sample. Moreover,
the sample impregnated with Cu shows a huge difference
to the other samples concerning the chemical components
present at the Nb 3d electronic level. This region is com-
posed by a mixture of 22% Nb2O5 + 33% NbO2 + 45% NbO.
The increase of the depth probed in this sample gives a
new component associated with metallic Nb. In this case,
the chemical components appear as 31% Nb2O5 + 59%
NbO2 + 10% NbO. It shows an increase of the presence
of metallic Nb with the increase of the depth probed. This
result is in accordance with the XRD measurements that
probes the bulk region of the sample. Besides that, there
is also a shift in the binding energy values of the Nb2O5
components, depending on the atom used for decoration.
A shift to high values of themodulus of the binding energy
can be interpreted as a charge transfer effect from the Nb
to surrounding atoms, like those used for decoration, for
example.
The spectra with high-energy shifts correspond to the

samples with small bandgap values. The sample of Nb
anodized, Nb2O5 before and Nb2O5 after photoreaction
presented only the Nb2O5 chemical component. The
Nb2O5 component in the Nb-anodized samples comes
from the air exposition because the XPS technique probes
the surface region of the sample, in opposition to the XRD
measurements that probed the bulk region and a metallic
Nb component observed.
Figure 5 shows the XPS spectra at the (A) Ta 4f, (B) Ti 2p,

(C) Pt 4f, and (D) Cu 2p electronic regions for both incident
photon energies used. The Ta 4f region shows the presence
mainly of Ta2O5 compound, associatedwith the Ta5+ peak,
as expected. However, it also observed a metallic contribu-
tion that slightly increases from 3% to 6% when increasing
the probed depth. Only the TiO2 component was observed
at the Ti 2p region for both photon energies, associated
with the Ti4+ 2p3/2 peak. Pt atoms are present as metal-
lic Pt and Pt–O bonding. It was observed a contribution of
31% Pt–O + 69% Pt at hν = 1900 eV and of 52% Pt–O + 48%
Pt at hν = 3000 eV. The Pt–O comes from the oxidation
due to exposition to the air after deposition. The Cu 2p
region presents the Cu–O bonding (88%) and the metallic
Cu (12%) component at hν = 1900 eV. The Cu–O comes
also from the exposition to the air after deposition. The
increased probed depth shows only 8% of Cu–O and 92%
of metallic Cu. It shows clearly that the oxidation for Cu
atoms takes place at the surface region.
The chemical composition is evidenced by XPS and the

results obtained for the compositions of the oxides are
obtained in the tests after the depositions with Cu and
Pt with their thermodynamic aspects are summarized in
Table 1. By the Gibbs free energy variation (ΔG◦), as can be
seen in the Ellingham diagram for oxides,44 it is possible to

verify that the values of the variation of the free energy of
formation of the oxides of Nb (∆G◦ NbO2 =−177 kcal/gfw,
NbO = −175 kcal/gfw and ∆G◦ Nb2O5 = −164 kcal/gfw)
are smaller, compared to the free energy variation of CuO
formation (∆G◦ CuO = −55 kcal/gfw), thus allowing Nb
to act as a CuO reductant. This could explain the pres-
ence of metallic Cu for the Cu/Nb2O5 system (Table 1).
The same is true for the Pt/Nb2O5 system referenced in
Table 1 where an even higher percentage of metallic Pt
(∆G◦ PtO = −15 kcal/gfw).
However, the presence of Timetal has not been observed

for the Ti/Nb2O5 systems (Table 1), which can explain,
thermodynamically, by the fact that the TiO2 formation
energy (∆G◦ TiO2 = −205 kcal/gfw) is even lower than
the free energy values of Nb oxides, thus indicating that,
thermodynamically, Nb could not act as a reducer of Ti
oxides.39
In addition, it was observed that the formation of Nb2O5

oxide (Table 1) is generally favored at the temperature
of the heat treatment at 450◦C. As was previously men-
tioned, the oxides of Nb exhibit values of Gibbs free
energy variation of formation very next each other’s (∆G◦
NbO2 = −177 kcal/gfw, ∆G◦ NbO = −175 kcal/gfw e ∆G◦
Nb2O5 =−164 kcal/gfw) and even thoughNbO2 is themost
stable form (due to the lower value of free energy varia-
tion), the formation of Nb2O5 is favored, possibly due to
kinetic factors.
A more specific behavior has been observed for

Cu/Nb2O5 (Table 1), when analyzed with higher energy
(3000 eV), that is, at a greater depth. The presence of a
large amount of metallic Cu (92%) and even metallic Nb,
in addition to 59% of Nb2O and 31% of Nb2O5, is observed.
This result may occur due to the reduction of available oxy-
gen for the formation of oxides, considering that the heat
treatment done in the atmosphere of N2. For the Ta/Nb2O5
system (Table 1), the presence of 3%–6% of metal fraction
is observed as the values of free formation energy of the
oxides of Nb are close to that observed for the formation
Ta2O5 (∆G◦ Ta2O5 = −178 kcal/gfw); the presence of this
metallic fraction may also be associated with the oxygen
supply in the system.

3.2 Photoelectrochemical
characterization

Figure 6 shows the UV–Vis diffuse reflectance spectra for
the nanoporous Nb2O5 impregnated with Ti, Ta, Pt, and
Cu and not impregnated. Doping with transition metals
decreases the bandgap and reduces the rate of recombina-
tion of photogenerated electron–hole pairs. The reduction
in bandgap values after impregnation can be associated
with change transfer,45 reflecting in a higher photocurrent
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ANTONINI et al. 385

F IGURE 5 X-ray photoelectron spectroscopy (XPS) measurements of the samples impregnated with (A) Ta, (B) Ti, (C) Pt, and (D) Cu
atoms at the Ta 4f, Ti 2p, Pt 4f, and Cu 2p electronic regions, respectively. The spectra measured with hν = 1900 eV or hν = 3000 eV. The black
points correspond to the experimental data, the dot line the Shirley background, and the gray line the best fitting performed. The magenta
line represents the satellite contribution.

density (Figure 7). Moreover, photocurrent density values
increase from −0.2 V (Figure 7), which causes a more
effective charge separation, promoting a better oxidative
process.46
The presence of the metal deposited can be further

evidenced by the alteration of the optical properties.
The diffuse reflectance technique demonstrates the alter-
ations of the optical properties of Nb2O5 nanoporous
impregnated with different metals. The analyzed band
showed that all samples prepared are photoactive in the
ultraviolet range between 190 and 380 nm as shown in
Figure 6.

Applying the Kubelka–Munk equation,47 the value of
the optical bandgap energy is presented in Table 2.
The not impregnated Nb2O5 samples had a bandgap

value of 3.40 eV; Abe et al. reported bandgap values
between 3.4 and 3.1 eV and related this variation to the
crystalline structure as the band range of orthorhom-
bic Nb2O5 is greater than that of monoclinic Nb2O5.48
For the Nb2O5 samples impregnated with TiO2 presented
a bandgap value of 3.32 eV, these results suggest that
the formation of clusters of Nb2O5 nanoporous with
TiO2 decreases the optic gap of the niobium pentoxide,
extending the absorbance in the visible light and, thus,
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TABLE 1 Chemical composition at% determined by X-ray photoelectron spectroscopy (XPS)

Sample Energy (eV) Nb (%) NbO (%) NbO2 (%) Nb2O5 (%)

Dopant
Oxide (%) Metallic (%)

Nb2O5 1900 – – – 100 – –
3000 – – – 100 – –

Pt/Nb2O5 1900 – – 7 93 31 69
3000 – – – 100 52 48

Cu/Nb2O5 1900 – 45 33 22 88 12
3000 10 – 59 31 8 92

Ta/Nb2O5 1900 – – – 100 97 3
3000 – – – 100 94 6

Ti/Nb2O5 1900 – – – 100 100 –
3000 – – – 100 100 –

F IGURE 6 UV–Vis diffuse reflectance spectra for the
nanoporous Nb2O5 impregnated with Ti, Ta, Pt, and Cu and not
impregnated

TABLE 2 Bandgap values of Nb2O5 impregnated nanopores
obtained by diffuse reflectance applying the Kubelka–Munk
equation

Sample Bandgap (eV)
Nb2O5 3.40
Ti/Nb2O5 3.32
Ta/Nb2O5 3.29
Pt/Nb2O5 2.59
Cu/Nb2O5 2.64

increasing the photocatalytic activity.49 A study realized
by Mokhtar et al.50 showed that the Zr impregnation on
Nb2O5 nanotubes had a reduction in the bandgap energy
from 3.23 to 2.5 eV, which is mainly correlated with the
introduced active oxygen vacancies sites within the lat-
tice. The presence of Zr helps one to modify the surface

F IGURE 7 Linear scanning voltammogram of the Nb2O5 and
Nb2O5 electrode with Ti, Cu, Ta, or Pt impregnation resulting from
the difference between the light region and the dark region.
Scanning rate 10 mV/s and electrolyte solution of 0.1-M KOH

features of Nb2O5 and stabilizes the material,51 enhancing
the catalytic behavior of niobium oxide and improving the
conductivity and the electron transfer kinetics.52
In the samples impregnated with tantalum oxide, the

bandgap energy values decreased to 3.29 eV (see Table 2),
which clearly demonstrates that the surface nanoporous
of Nb2O5 is modified by the deposition of the tanta-
lum oxide altering the bandgap. In addition, oxygen
vacancies are created when Nb2O5 is impregnated with
tantalum, which contributes to bandgap narrowing and
consequently to increased absorbance in visible light.53
For Carvalho et al.,54 the increases of photon absorption,
which generate more electron–hole pairs, contribute to
increases of photodegradation activity.
The formation of copper clusters resulted in a bandgap

value of 2.64 eV; Yoong et al.55 reported similar result, who

 25783270, 2022, 6, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1002/ces2.10159 by C
A

PE
S, W

iley O
nline L

ibrary on [24/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ANTONINI et al. 387

obtained 2.58 eV for the bandgap energy of the copper-
doped TiO2. Thus, in a photocatalytic process, the incident
radiation promotes the change of the electrons from the
valence band to the conduction band, and the energy of
the band is reduced by copper clusters.
With respect to the platinum-impregnated Nb2O5 sam-

ples, the corresponding bandgap can be calculated at
2.59 eV because of the incorporation of PtO on the surface
of the nanoporous. Hu et al.56 reported a bandgap value of
2.54 eV for TiO2 doped with platinum indicating that the
PtO may be a semiconductor with a hybrid function and
stable structure that is capable of being excited by visible
light where the electrons could be excited to the conduc-
tion band of PtO and then injected into the conduction
band of Nb2O5 due to the displacement of the conduc-
tion band. Influencing the electron–hole recombination
process results in high photocatalytic activity.
The voltammogram of Figure 7 shows the increase of the

photoactivity for the samples impregnated in ∼10 times,
which may be related to the capture of holes in the Nb2O5
structure, avoiding the recombination of the electrons and
making the systemmore active for photocatalysis. A study
carried out by Chwy et al.57 showed that Nb2O5 obtained
by anodizing and subsequently impregnated with Li, Na,
K, Rb, and Cs showed an increase in photoelectrochemical
efficiency when compared to Nb2O5 without impregna-
tion. As shown by Esteves et al.,58 materials with doping
metals show a higher percentage of degradation than that
obtained with Nb2O5 alone; it can be related to mate-
rials with lower bandgap, decreasing the energy of the
electron/hole pair formation and consequently increasing
catalytic activity.
The Nb2O5 impregnation with tantalum increases the

photoactive performance, as the presence of tantalum
increases the vacancies in the Nb2O5 acting as active sur-
face sites and increasing the transport of charges. Alim
et al.59 evidenced the increase in photocatalytic perfor-
mance in TiO2, and that the photocatalytic properties
are deeply influenced by the concentration of titanium
vacancies that are the active sites on the surface for the
formation of an active complex with water. The concen-
tration of surface-active sites can modify in a controlled
manner by the concentration of tantalum incorporated in
the semiconductor network and oxygen activity during
processing.
The addition of platinum as a cocatalyst in TiO2 for pho-

tocatalysis was reported by Selcuk et al.60 and Velasquez
et al.,61 and both reported the favoring of photocatalytic
activity and increased H2 production due to its action as
an electron or hole remover. On the other hand, there
is no strong chemical bond between the particles of the
cocatalyst and the nanocrystals of the semiconductor; the
Pt particles are adhered to the Nb2O5 by metal–support

interaction due to the overlapping of the occupied Pt
orbitals and orbitals d unoccupied of the Nb2O5.
Wang et al.62 studied the photocatalytic activity of thin

films of TiO2 doped with Cu and obtained a fourfold
improvement in the activity of the photocatalyst after
doping for methylene blue degradation. The addition of
CuO as a cocatalyst is responsible for capturing the pho-
togenerated charge carriers to accelerate the separation
of the carriers, which is also because the Fermi level of
CuO is lower than that of TiO2, the transition of the car-
rier’s separation is faster. For Faria et al.,63 the deposition
or impregnation of a small Cu nanoparticles over nio-
bium oxide (Nb2O5) increases its photocatalytic activity;
this improvement can be attributed to a reduction on the
recombination rate of the electron–hole pairs photogener-
ated due to the electron trapping by Cu species. A study
developed by Kanjwal et al.64 showed that incorporating
of silver particles in titanium oxide nanofibers improved
the photocatalytic activity of oxide. This behavior can be
associatedwithAgnanoparticles on titaniumoxide surface
acting as electron acceptors, enhancing the charge separa-
tion of electrons and holes and consequently the transfer
of the trapped electron to the adsorbed O2 acting as an
electron acceptor.

4 CONCLUSIONS

The formation of clusters on the samples by the method
of deposition via magnetron sputtering allowed the modi-
fication of the surface composition without modifying the
nanoporous morphology obtained in the anodization, and
it caused the bandgap reduction of theNb2O5 impregnated.
The photocatalysis tests performedwith the Nb2O5 elec-

trodes impregnated with titanium, tantalum, copper, and
platinum showed 10 times higher photocurrent density in
the presence of UV light when compared with the not
impregnated Nb2O5 electrodes.
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